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Abstract 
Hydrogen as a clean energy carrier is proposed as a long term solution to address issues related to 
global warming, energy security and air pollution. H2 production is currently fossil fuel based and 
this is expected to remain the case during the transition to cleaner sources. Hence, high performance 
H2 separation from CO2 is required to meet purity production targets, whilst the CO2 can be 
transported and stored in safe geological sites. Microporous silica membranes are a promising 
technology for processing syngas streams because of the simplicity of the sol–gel synthesis coupled 
with great pore size tailorability at molecular sieving dimensions. However, poor hydrothermal 
stability of silica membranes remains a contributing factor to the delay of the commercial deployment 
of this technology, particularly for processing wet syngas streams at high temperature (500-600 °C). 
Recent improvements have been attained by doping metal oxides in the silica matrix. Cobalt oxide 
silica membranes show excellent separation performance and improved hydrothermal stability. 
However, there are significant knowledge gaps associated with the fundamental understanding of the 
influence of cobalt dopant on the hydrothermal stability of silica matrices. To address these gaps, this 
thesis systematically investigated the physicochemical properties and hydrothermal stability of cobalt 
oxide silica materials and the performance of resultant membranes.  
 
The first key contribution of this thesis is the finding that the hydrothermal stability of cobalt doped 
silica materials is highly dependent on the cobalt phase, particularly Co3+ as cobalt tetroxide (Co3O4). 
The Co3O4 silica materials resulted in less than 25% surface area loss whilst maintaining microporous 
structures when exposed to harsh hydrothermal conditions of 75 mol% H2O(v) at 550 °C for 40 h. 
Contrary to this, silica samples without Co3O4 completely densified under the same testing conditions. 
It is postulated that Co3O4 nanoparticles ‘shielded’ the silica matrix and inhibited to a certain degree 
the hydrolysis and condensation of the silica in the pores walls, thus conferring improved 
hydrothermal stability. 
 
A second key contribution is evidenced by sol–gel conditioning, thus aiding the formation of the 
Co3O4 in the silica network.  By increasing the water ratio and decreasing the ethanol ratio, Co3O4 
was formed at a much lower loading (Co/Si=0.1) than previously reported. The cobalt silica materials 
synthesised from the new sol–gel conditions showed a lower surface area loss after hydrothermal 
treatment (HT). The local structures around cobalt atoms were probed by X-ray absorption 
spectroscopy (XAS). For the low cobalt loading sample (Co/Si=0.05), the XAS results showed that 
the cobalt was highly dispersed in the silica network in a tetrahedral coordination (Co2+) with oxygen 
and a small proportion of Co-Co interactions in the second shell. Co3O4 long range order was 
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observed for higher cobalt loading samples (Co/Si=0.10, 0.25), which suggests that Co3O4 acts as a 
physical barrier during exposure the HT, opposing the densification of the silica network.  
  
Based on these results, two membranes with the same cobalt loading (Co/Si=0.10) were prepared. 
The membrane with cobalt in the form of Co3O4 was much more stable than the one with cobalt 
tetrahedrally coordinated with silica network (Co2+). The Co3O4 and Co2+ silica membranes displayed 
activated transport and delivered similar He permeance and He/N2 selectivities. Nevertheless, the 
high content Co3O4 silica membrane proved to have superior hydrothermal stability, showing only a 
marginal decrease in He/N2 selectivity from 50 to 39 (22% loss). By contrast, the Co2+ silica 
membrane had a dramatic decline in selectivity from 41 to only 11 (73% loss) after exposure to 75 
mol% H2O(v) at 550 °C for 40 h. To provide more insights for industrial separations, a cobalt oxide 
silica membrane was tested for both single gas and He/CO2 gas mixtures. The influence of 
hydrothermal treatment (HT) (25 mol% H2O(v) at 550 °C for 100 h) was also investigated.  The HT 
exposure had a moderate influence on the performance of the membranes, with He fluxes reducing, 
though He purity remained high reaching >95% for a He/CO2 50/50 feed concentration.  
 
The final contribution of this thesis is demonstrating for the first time the preparation of high 
performance interlayer-free membranes using a novel silica seeding sol–gel technique. The seeded 
sols consisted of large silica particles of ~70 nm synthesised from Stӧber process and polymeric 
cobalt silica sol produced from acid-catalysed sol–gel process. The large silica seeds effectively 
blocked the large pores of the ceramic support, thus inhibiting deep infiltration of polymeric cobalt 
silica sols. Therefore, the sol–gel seeding technique allows for the formation of defect-free 
microporous thin silica films, otherwise not attainable in interlayer-free membranes by conventional 
sol–gel processes. 
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1 Introduction 
 
1.1 Background 
Primary energy consumption continues to increase and despite concerted and increasingly positive 
efforts in the clean and renewable energy fields, fossil fuels remain the cheapest and most important 
resources to provide for our current and future energy needs [1]. However, the drawback of fossil fuel 
utilisation is its direct association with the release CO2 to the atmosphere, which accounts for more 
than two thirds of the greenhouse gases that are responsible for climate change [2]. Therefore, 
technical solutions are required to address this problem. 
Hydrogen has been proposed as a high-quality and clean energy-carrier, which could be a long term 
solution to address issues related to climate change, energy security and air pollution [3, 4]. Currently, 
over 90% of hydrogen is produced from fossil fuels through steam reforming, partial oxidation of 
methane and coal gasification, whilst a small market fraction is produced by electrolysis of water [5]. 
Regardless of which method is used to produce H2, the need to separate H2 from other species (mainly 
CO2) will always exist. In the meantime, concentrated CO2 can be captured and stored safely in 
underground geological formations, mitigating the risk of climate change associated with fossil fuel 
use. Three major processes have be applied for H2 separation namely: (i) pressure swing adsorption 
(PSA) [6, 7], (ii) cryogenic distillation [8] and (iii) membrane separation [9-12]. Membrane 
technology is considered as one of the most promising methods for the production of high purity 
hydrogen as it consumes less energy based on a continuous operation [5].  
Inorganic membranes for hydrogen separation are of great interest in hydrogen production processes, 
because of their good thermal, chemical and mechanical properties relative to polymeric membranes. 
They can be operated at high temperatures (>500 °C), which therefore could reduce energy penalties 
associated with separations by adsorption or cryogenic distillation.  Inorganic membranes can be 
classified into non-porous and porous membranes. Non-porous membranes have a dense separation 
layer, which is generally made from palladium or palladium alloys [13, 14]. Although the selectivity 
of the dense membrane is very high, the permeance is significantly affected by impurities (HCl, H2S) 
[15, 16], which are often encountered in coal gasification.  The capital cost is another key issue as 
palladium is a noble type of metal. Zeolite membranes have also been used for hydrogen processing 
[17]. These are porous membranes synthesised from in situ [18] or secondary growth [19, 20] methods. 
However, one of major challenges of zeolite membranes is the minimization of formation of pores 
between zeolite crystals, which could significantly reduce the membrane performance [21]. 
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Another contender for hydrogen separation at high temperature are ultra-microporous silica 
membranes, which have molecular sieving structures. These membranes are generally synthesised 
via sol–gel methods or chemical vapour deposition (CVD) [22-25]. CVD silica membranes can 
achieve high selectivity, but the permeance is relatively low. Sol–gel derived microporous silica 
membranes have attracted significantly research interest for their high hydrogen permeance, high 
selectivity and relatively attractive production costs. However, current silica membranes cannot 
maintain the long term performance for processing relevant industrial gas streams which generally 
contain water vapour.  Poor hydrothermal stability remains a contributing factor to the delay of 
commercial silica-based membranes for separation of high temperature wet gases such as those found 
in coal gasification or natural gas reforming.   
Recently, several research groups [23, 26-28] demonstrated that hydrothermal stability of silica at 
high temperatures can be improved by doping with metals and/or metal oxides. As there have been a 
limited number of publications in doping metal oxides into the silica matrix, the underlying 
mechanism and hence path to optimisation are still unclear. Most research has focused on the 
membrane production techniques or separation performance measures and not long term stability. A 
recent publication by Boffa et al. [29] showed that some metal dopants including Zr, Nb and Ti can 
act as network former, reacting with silica network to form generic Si-O-M structures.  
Contrary to this, the role of other dopants such as Co and Ni in improving hydrothermal stability is 
different from the above mentioned metals. For example, it has been reported that cobalt oxide silica 
materials are much more stable than reduced cobalt silica materials at the same cobalt concentration 
[30], indicating that the cobalt phase may be a key factor in improving the hydrothermal stability. 
However, there is a significant knowledge gap regarding fundamental understanding about the 
underlying mechanism. Cobalt oxide membranes are also attractive for industrial applications as a 
recent scale-up report showed that a multi-tube membrane module was successfully assembled and 
tested for over 2000 h reaching gas permselectivities close to 1000 [31]. In another example, cobalt 
oxide silica membranes operated up to 600 °C and delivering H2/CO2 permselectivities higher than 
1500 [32].     
Finally, asymmetric membrane structures including a microporous selective layer, mesoporous 
interlayers and a macroporous support are widely used for silica membranes to produce defect free 
membranes with high performance. A clear drawback of such structures is that the preparation of 
interlayers is time-consuming and not cost effective. Hence, it is worthwhile to develop a novel 
membrane structure, which can eliminate the need for an interlayer. Such a structure has not been 
developed thus far and represents another knowledge gap in this research field.      
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1.2 Scope and Research Contributions 
This thesis is funded by the CO2CRC (Cooperative Research Centre for Greenhouse Gas 
Technologies) in a R&D program focused on cobalt oxide silica membranes for hydrogen and carbon 
dioxide separation.  A key aim of this thesis is to develop hydrothermally stable materials/membranes 
by investigating: (i) influence of cobalt concentration and (ii) sol–gel conditions. The 
physicochemical properties of resultant materials were characterised by N2 sorption, X-ray 
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photon Spectroscopy 
(XPS), Raman spectroscopy, X-ray Absorption Spectroscopy (XAS), 29Si Nuclear magnetic 
resonance (NMR), and Transmission electron microscopy (TEM). The membranes were tested for 
single gas and gas mixtures to assess their permeance, separation performance and hydrothermal 
stability. 
 
The key research contributions are summarised as follows: 
 The first key contribution is related to the hydrothermal stability of cobalt doped silica 
materials, which was found to be dependent on the cobalt phase, particularly Co3+ as cobalt 
tetroxide (Co3O4). The materials containing Co3+ (as Co3O4) maintained structure integrity 
(though showed densification to some extent), while the materials without Co3O4 were 
completely dense to N2 after exposing to harsh hydrothermal conditions.  
 A second key contribution shows that the preparation of hydrothermally stable silica materials 
can be tailored by cobalt loading and/or sol–gel conditioning. At low cobalt loading 
(Co/Si=0.1), the hydrothermal stable Co3+ (as Co3O4) was obtained at high sol–gel water ratios 
only, while non-hydrothermally stable Co2+ ions in a tetrahedral coordination formed under 
low water ratio sol–gel conditions. XAS analyses indicated that hydrothermally stable 
materials contained long range ordered Co3O4, which acted as a physical barrier, opposing the 
densification of the silica network. Predictably, membranes made from these materials 
showed similar hydrothermal stability behaviour.  
 The third key contribution is demonstrated by the preparation of an interlayer-free membrane 
using a sol–gel seeding method for the first time. In this method, a heterogeneous cobalt silica 
sol comprising of colloidal silica seeds with particle sizes of ~70 nm and fine silica polymeric 
particles of less than 1 nm were effectively coated on porous support. The seeds effectively 
block or reduced the size of large pores of the support, thus conferring an ideal surface for 
silica derived thin film deposition. As a result, membrane integrity was attained evidenced by 
high gas permselectivities. 
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1.3 Structure of thesis 
This thesis contains 8 chapters as follows: 
 
Chapter 1: This chapter introduces the background of the thesis work along with the scope and 
research contributions to the relevant field. 
 
Chapter 2: This chapter presents an overview of the literature on the formation, characterisation and 
hydrothermal stability functionalization of sol–gel derived microporous silica membrane as well as 
transport mechanisms. Knowledge gaps in the field are also identified.  
  
Chapter 3: This Chapter presents the effect of Co/Si molar ratio (0.00–0.50), vapour content (0–75 
mol%), exposure time (0–100 h) and temperature (250–550 °C) on the  hydrothermal stability of the 
cobalt oxide silica xerogels. Physicochemical properties of the xerogels were characterised by 
nitrogen sorption, FTIR, solid-state 29Si NMR (CP/MAS), micro-Raman, XRD and HR-TEM 
techniques. This chapter was published in RSC Advances (2014, 4, 18862) 
 
Chapter 4: This chapter presents the effect of local coordination environments of cobalt atoms on the 
hydrothermal stability of cobalt oxide silica xerogels (Co/Si=0, 0.05, 0.10, and 0.25), which were 
synthesised from a different sol–gel condition, by employing X-ray Absorption Spectroscopy (XAS). 
The aim of this chapter is to determine the local structure of cobalt which cannot be identified by 
other techniques mentioned in chapter 3 and to provide further insight to the fundamental 
understanding of the structure and property of the synthesised materials. This chapter was published 
in Physical Chemistry Chemical Physics (2015, 17, 19500-19506). 
 
Chapter 5: This chapter presents the influence of cobalt phase on the hydrothermal stability of cobalt 
oxide silica materials and membranes by varying sol–gel conditioning (derived from chapter 3 and 
chapter 4). Xerogels with the same cobalt loading (Co/Si=0.1) were characterised by N2 sorption, 
CP/MAS 29Si NMR, FTIR, Raman, XPS and DR UV-vis spectroscopy before and after hydrothermal 
exposure. The membranes were tested for single gas permeation (He, H2, CO2 and N2) before and 
after hydrothermal exposure. This chapter was published in the Journal of Membrane Science (2015, 
475,425-432). 
 
Chapter 6: This chapter presents the performance and hydrothermal stability of a cobalt oxide silica 
membrane (Co/Si=0.25) for single gas permeation and binary gas mixture separation as a function of 
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temperature and feed molar fraction before and after exposing to 25 mol% H2O(v) at 550 °C for 100 h. 
This chapter was published in the Journal of Membrane Science (2015, 493, 470-477). 
 
Chapter 7: This chapter presents the preparation and performance of interlayer-free membranes by 
employing a novel silica seeding sol–gel technique. The resultant materials were investigated by 
Dynamic Light Scattering (DLS), Transmission electron microscope (TEM) and N2 sorption. The 
membranes with different silica seed concentration were coated on alumina supports without any 
interlayers and were tested for single gas permeation to investigate the influence of the seeding 
technique. This chapter was published in the Journal of Membrane Science (2015, 492, 1-8). 
 
Chapter 8: This chapter presents the conclusions of the thesis and provides recommendations for 
future work. 
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2 Literature review 
 
2.1 Introduction 
This review examines the literature on inorganic microporous silica-based membranes derived from 
sol–gel methods for gas separation applications. An overview of hydrogen separation membranes is 
provided in section 2.2. The sol–gel method for synthesising microporous membrane materials is 
discussed in section 2.3. Recently, enhanced separation performance and hydrothermal stability of 
silica-based membranes has been achieved by modified sol–gel methods including carbon templating, 
organosilica precursors and metal doping, which are addressed in section 2.4. The transport 
mechanism of porous membrane is explained in section 2.5. Finally, a summary of major findings 
and knowledge gaps in the literature is discussed in section 2.6.  
2.2 Hydrogen separation membrane technologies  
Three major processes, including pressure swing adsorption (PSA) [1, 2], cryogenic distillation and 
membrane technology[3-5], can be applied for H2/CO2 separation. Purified hydrogen can be either 
used as chemical stocks (e.g. ammonia manufacture) or clean fuels. Meanwhile, carbon dioxide, 
which is a major greenhouse gas, can be captured and stored in an attempt to manage climate change 
[6]. PSA and cryogenic distillation are commercially available technologies. However, they are 
generally energy demanding [1, 7]. They are commonly operated at low temperatures, on the other 
hand, hydrogen is widely produced at high temperatures such as steam reforming. Hence, there is a 
significant energy penalty associated with cooling down gas streams [8]. Compared with the first two 
commercial processes, membrane technology has many advantages, such as low energy consumption, 
continuous operation and high gas purity [9].  
 
Figure 2.1. Schematic of a membrane. 
A membrane is a structure that has lateral dimensions much greater than its thickness, through which 
selective mass transfer may occur under a variety of driving forces [10, 11]. A schematic diagram of 
a membrane is shown in Figure 2.1, where the driving force is the pressure difference across the 
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membrane. In this example one of the species in the feed side can preferentially diffuse through the 
membrane to the permeate side, while the other species cannot and are retained in the outgoing feed 
flow known as the retentate.  
Table 2.1 shows the properties of different types of hydrogen separation membranes. The criteria for 
selecting membranes are complex and application specific. Important consideration should be taken 
for productivity and selectivity, as well as durability of the membrane which must be balanced against 
capital costs in all applications. For example, polymeric membranes can only be operated at low 
temperatures which is not attractive and the H2 flux and selectivity is low. Palladium based 
membranes have infinite hydrogen selectivity in defect free membranes. However, they are generally 
considered prohibitively expensive for hydrogen production through large-scale processes [12] due 
to the high cost of palladium metal. Hence, microporous silica membranes are a promising candidate 
for high temperature hydrogen separation applications because of their good performance and 
relatively low cost as compared with expensive palladium alloy membranes. However, it is 
worthwhile to note that hydrothermal instability is a critical issue for the industrial deployment of 
silica membranes.   
Table 2.1. Properties of the selected hydrogen separation membranes [5, 9] 
 
A typical microporous silica membrane consists of an asymmetric structure, including a macroporous 
support, mesoporous interlayers and microporous selective top-layers as shown in Figure 2.2. The 
macroporous support, which has very large pores, imparts the mechanical strength for operation. The 
most widely used material for preparing supports is alumina (Al2O3) in the α-Al2O3 phase because 
they are cheap. Further, α- Al2O3 is the most thermodynamically stable phase of alumina. The primary 
role of the interlayers is to reduce the surface irregularities and roughness of the substrate which may 
 
 
Dense 
Polymer 
Microporous 
Ceramic 
Dense 
Ceramic 
Porous 
Carbon 
Dense Metallic 
T Range (°C) <100 °C 200–600 °C 600–900°C 500–900 °C 300–600 °C 
H2 Selectivity Low Moderate/high Very high Low Very high 
H2 Flux Low High Moderate Moderate High 
Poisoning 
Issues 
HCl, SOx,    H2S Strong vapors, 
organics 
H2S, HCl, CO 
Stability 
Issues 
Swelling, 
compaction 
Stability in H2O Stability in 
CO2 
brittle Phase transition 
Example 
Materials 
Polymers Silica, alumina, 
zirconia, titania, 
zeolites 
SrCeO3-δ, 
BaCeO3-δ 
Carbon Pd, Pd–Cu,  
Pd–Au 
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cause mechanical stresses leading to film defects, cracks and generally poor membrane performance 
[13]. Furthermore, the interlayers can also prevent the deep penetration of the silica sol into the 
macroporous support, allowing the deposition of silica thin-films which minimize transport resistance. 
Although γ-alumina [14-17]  is widely used as an interlayer material, it has shown hydrothermal 
instability under common industrial conditions [18]. Some modifications have been made in order to 
improve its hydrothermal stability [19-21], which is critical to the integrity of membrane layer.   For 
instance, a composite of SiO2-ZrO2 [22-24] has been proved to be much more hydrostable than γ-
alumina interlayers.  
 
Figure 2.2. A typical asymmetric membrane structure [25] 
 
The microporous silica top-layer can be fabricated from sol–gel method (spin casting for flat 
membranes and dip-coating for tubular membrane) and chemical vapour deposition (CVD).  The 
membrane prepared from CVD method generally shows higher selectivity, however, the permeance 
of H2 is lower, on the order of 10 – 8 mol m– 2 s– 1 Pa– 1 or lower [26-29]. Compared to CVD method, 
sol–gel synthesis is easy to perform. Brinker et al. [30, 31] investigated the fundamentals of sol–gel 
dip coating method and thin film formation. It was reported that the structure of thin films deposited 
from sol solutions depends on factors such as size and structure of the precursors, relative rates of 
condensation and evaporation, capillary pressure, and substrate withdrawal speed.  
However, there are further considerations in preparing silica membranes. The dip-coating method is 
defect-prone and the quality of the support is critical to the final membrane performance [25].  Clean 
conditions are required to avoid airborne contamination and the coating method is generally repeated 
for a few times in order to diminish possible surface defects. Recently, Luiten et al. [32] developed a 
closed dip-coating system under nitrogen, which avoids the requirements of clean facilities. Tubular 
 11 
 
membranes with a length of 55 cm (suitable for commercial applications) show a H2 permeance in 
the range of (0.5–1)×10− 6 mol m− 2 s− 1 Pa− 1, and the permselectivity of H2/CH4 in the range 350-400.  
Chiu et al. [33] reported a post-synthesis defect abatement method by coating a  thin layer of 
polydimethyl siloxane (PDMS) on the top of amorphous silica layer. CO2/N2 selectivity of the silica 
membrane for a 1:1 CO2/N2 mixture improved from 1.5 to 835 at 30 °C after the modification. 
However, the permeance significantly decreased (two order magnitudes) and it cannot be operated at 
high temperature (>250 °C) due to the limitation of PDMS. 
After deposition of silica sol on porous support, the membrane needs to have thermal calcination to 
achieve target structure. It is widely accepted that the heating rate is of significant importance and 
typically very slow (0.5-1 °C min− 1) to prevent cracking caused by stresses [13]. Typical thermal 
calcination procedure uses more than 20 h for one coating and more than one layer is applied in order 
to repair possible defects. Hence, it translates to long processing time, which increases the 
manufacturing cost. However, rapid thermal processes have been recently reported for preparing 
inorganic membranes, which can reduce the processing time from up to 1 week to less than 12 h [16, 
34, 35].  
 Seeding technique is widely used for the preparation of zeolite membranes. Colloidal zeolite seeds 
were initially coated on the support and the formation of membrane was achieved by a secondary 
growth [36]. The presence of seeds on support surface plays an important role on membrane 
formation. It can precisely control crystalline structure, as it separates the crystal nucleation and 
growth with a shortened crystallization time [37-39]. However, it is has not been employed in 
amorphous silica membranes due to major difficulties in controlling microporosity. 
2.3 Sol–gel method 
The sol gel method is a wet-chemistry technique widely used to synthesised advanced materials, and 
is one of the most versatile methods for the preparation of molecular sieve films. In general, silicon 
alkoxide precursors are hydrolysed and undergo condensation reactions to form a cross-linked silica 
matrix employing an acid (e.g. HNO3 or HCl) or base (e.g. NH3) as a catalyst. Tetraethyl orthosilicate 
(TEOS) is the most common used silica precursor in literature for silica membrane preparation. 
Recently, various silica precursors, such as bis(triethoxysilyl) ethane (BTESE) [24, 40-42],  
tetraethoxydimethyl disiloxane (TEDMDS) [43], Bis(triethoxysilyl) methane (BTESM) [44] and 
ethyl silicate 40 (ES40) [35, 45, 46] have been investigated in order to tailor material properties for 
the sake of different applications. The sol–gel method is controlled by equations (1)-(3) [47-49]. R in 
these reactions represents an organic alkyl group (CxH2x+1) in the precursor.   
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Hydrolysis reaction: 
            
Hydrolysis mechanism: 
 
Condensation reaction: 
Si OR + SiHO Si O Si + ROH
Si OH + SiHO Si O Si + H2O
(2)
(3) 
Condensation mechanism: 
Acidic conditions:  
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R O
H O
H O
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O H +
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These reactions lead to the growth of chains and aggregation of clusters and the final structure highly 
depends on the composition and synthesis conditions [47, 48, 50, 51]. Under acidic conditions, an 
alkoxide group is protonated in a rapid first step, and then the precursor is hydrolysed by nucleophilic 
attack of water. It is catalogued as SN-2 bimolecular nucleophilic substitution reaction. Under basic 
conditions, the mechanism is analogous, but in this case with the formation of a negatively charged 
transition state [47, 48]. Condensation reaction occurs with the by-product of water and/or alcohol. 
The acid catalysed condensation mechanism involves a protonated silanol species, whereas under 
basic conditions, deprotonated silanol species are preferred. Although the silica sol–gel method can 
be simply represented by equations 1-3, there are 15 distinguishable silicon environments for a single 
silicon  atom in the simplest model of Kay, as shown in Figure 2.2.4 and by Assink [52]. The silica 
species increase rapidly during the sol–gel method and eventually form a silica network.  
 
Figure 2.3. Possible chemical species in sol gel synthesis. 
 
Generally, acidic conditions produce sols with fractal structures which have been shown to be more 
favourable for the formation of microporous structure with smaller pore sizes [48]. On the other hand, 
basic conditions lead to the production of networks with larger pore sizes, which do not meet the 
requirements for the separation of small gases. Figure 2.4 shows the structure evolution of acid and 
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base catalysed sol–gel. The weakly branched system synthesised from acid catalyst can result in an 
extremely small pore sizes, while the colloidal silica synthesised from base catalyst form discrete 
silica particles after calcination.  
 
Figure 2.4. Structure evolution of (a) acid and (b) base catalysed sol–gel during calcination [48] 
 
In terms of silica membranes, the silica sol–gel method has been further improved by incorporating 
extra species/reactants, such as transitional metal alkoxides [53-56], surfactants [57, 58] or metal salts 
[59-63] to functionalise the resultant materials. These reactants play various roles during the sol–gel 
method. Metal alkoxides, for instance, have similar chemistry behaviours as TEOS although they 
confer faster hydrolysis and condensation reaction rates. The hydrolysed metal alkoxides can react 
with silica species to form hybrid Si-O-M (metal atoms) structures which are much more stable than 
Si-O-Si structures [53]. Surfactants can either be used as structuring agents when the samples are 
calcined in air [64, 65] or be left in the silica matrix as carbonised species when calcined in vacuum 
or inert gases [66, 67].  Furthermore, metal/metal oxide silica nanomaterials are formed after 
calcination by adding metal salts and they have various applications in sensors [68, 69], membranes 
[70, 71] and catalysts [72, 73]. 
 
2.4 Hydrothermal stability of silica based membranes   
For hydrogen production processes, such as coal gasification and steam reforming, the water gas shift 
reaction (WGS) is a major step to maximise hydrogen yield. It typically includes a high temperature 
WGS reactor, followed by a low temperature WGS reactor to maximise conversion. For high 
temperature WGS, its operation temperature ranges from 300-600 °C and excess water is widely 
applied to enhance the conversion of CO [74, 75]. As the reaction is exothermic and equilibrium 
limited, the conversion at high temperatures can be improved by integrating a membrane to remove 
one of the products (i.e. H2) as it is produced. Since the water vapour concentration may be as high 
as 50 mol% [76], it is important for the membrane to be hydrothermally stable. Amorphous silica 
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derived from sol–gel method is stable up to 1200 °C, but the stability of microporous silica network 
in the presence of steam is poor and important structural changes have been observed as low as 60 °C 
[77]. During steam exposure, the porous structure collapses, resulting a denser structure [78, 79]. 
Figure 2.2.5 shows the illustration of the evolution of silica structure under hydrothermal condition 
as proposed by Duke and co-workers [78]. Weak Si-O-Si bonds are hydrolysed by water molecule, 
creating neighbouring hydroxyl pairs, which are subject to recondensation. As a result, silica becomes 
mobile inside the pore, and migrates to the lowest energy points in the structure. Then smaller pores 
condense and become closed and larger pores are widened. The performance of the membrane 
degraded dramatically. Many researchers have reported the loss of permeance of pure silica 
membranes in presence of water vapour [80-82]. Gu et al.[83] reported that hydrogen permeance of 
a silica membrane from CVD method decreased to less than 10% of its initial permeance at a steam 
partial pressure of 16 kPa and at 600 °C. Boffa et al. [82] found that the helium permeance of a sol–
gel derived silica membrane decreased to 21%  when the membrane was exposed to 14 mol% vapour 
at 150 °C for 70 h. 
 
Figure 2.5. Illustration of porous silica degradation under hydrothermal condition [78] 
 
To address the hydrothermal instability of porous silica matrices, several groups have embedded 
structural stabilising entities into the silica matrix. The initial approach was to increase the 
hydrophobicity of silica matrix by co-condensation of Si(OEt)4 (TEOS) and methyltriethoxysilane 
CH3–Si(OEt)3 (MTES) [84]. The methylated silica material is very hydrophobic while the standard 
silica is strongly hydrophilic. However, the membrane selectivity was low, and not suitable for 
separating H2 from CO2.  Similar membrane materials have shown excellent performance in the 
dehydration of a butanol–water mixture at 95 °C in tests lasting from a few weeks to more than 18 
months with a water flux of about 4 kg m− 2 h− 1 and a selectivity between 500 and 20 000 [85].  
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Although hybrid silica has excellent stability, it is not a promising candidate for high temperature 
separation process (500-600 °C) because of the presence of organic species.  
The second strategy is to carbonise surfactant templates in the silica matrix [66, 78, 86, 87] and the 
amorphous carbon species in the silica network can impart improved hydrothermal stability by 
inhibiting silica migration along the membrane pore surface in presence of steam [66]. Surfactants 
were left in the silica matrix when the material was calcined in vacuum or a non-oxidation atmosphere. 
This novel carbonised template silica membrane did not show a decline in the overall H2/CO 
permselectivity after steam exposure while it dropped to half of the original value for the standard 
silica  membrane [66]. 
Recently, metal oxide doped silica membranes have been developed to improve the hydrothermal 
stability. Pioneering work by Fotou et al. [88] demonstrated that the addition of Al2O3 to be beneficial, 
whilst the addition of MgO was detrimental to the material’s stability. Then several research groups 
reported silica membranes based on different metal/ metal oxides, such as Al [83], Ti [89], Zr [90-
92], Ni [70, 71, 93, 94],  Co [17, 22, 95-100], and Nb [82, 101, 102]. Table 2.2 lists additional details 
about the performance of metal oxide silica membranes.  All metal oxide silica membranes are 
generally hydrothermally stable and can maintain high performance after steam exposure, although a 
reduction of permeance was observed for all membranes.  Additionally, many of the works reported 
in the open literature and listed in Table 2.2 were carried out under specific conditions of temperature 
and generally low steam concentrations. Hence, there is a knowledge gap regarding understanding of 
the full range of temperature and stream concentration exposure on silica derived membranes, which 
warrants further research.  
Other than improved hydrothermal stability, these dopants can also confer extra properties to 
membrane materials. For examples, a nickel doped silica membrane showed a unique gas permeation 
property wherein the hydrogen permeance increased with increasing nickel content up to a molar ratio 
of 0.3 for (Ni/Ni+Si) and it was five times higher than the permeance of He [59]. Boffa et al. [103] 
observed a very low permeance of CO2 which did not follow molecular sieving transport phenomena 
for a sol–gel derived Nb-Si membrane. It was attributed to a strong interaction between CO2 and the 
pore surface, presumably Nb bound hydroxyl groups. Additional advantages of cobalt oxide silica 
membranes include H2S stability [98], which is common in coal gasification and can degrade the 
performance of the competing palladium membranes [104].  
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Table 2.2. Performance of metal oxide silica membranes 
 
Methods Materials Test 
temp. 
(°C) 
Gas permeance 
(mol m–2 s–1 pa–1) 
Permselectivity Hydrothermal condition 
vapour concentration 
 
Permeance 
(mol m–2 s–1 
pa–1) 
Permselect
ivity 
Ref. 
sol–gel steam 
calcination 
Zr/Si=0.1 500 4.5×10–7 (H2) ~100 (H2/N2) 
 
500 °C, 13 mol%, 10 h 
33 mol% (300 kPa), 10 h 
1.8×10–7 310 [90] 
sol–gel steam 
calcination 
Ni/Si=0.5 500 4.5×10–7 (H2) 370 (H2/N2) 500 °C, 90 kPa, 150 h 2.1×10–7 400 [71] 
sol–gel steam 
calcination 
Co/Si=0.5 500 2.7×10–7 (He) >1000 (He/N2) 500°C, 60 mol%, 60 h 1.8×10–7 730 [22] 
sol–gel Nb-Si 200 3.9×10–8 (H2) 46 (H2/CO2) 200 °C, 14mol%, 70 h 2.7×10–8 33 [82] 
CVD Al/Si=0.03 600 2×10–7 (H2) 200 (H2/CO2) 600 °C, 16 mol%, 520 h 1.1×10–7 50 [83] 
CVD Ti/Si=0.065 400 2.42×10–7 (H2) 13.6 (H2/CO2) 400 °C, 60 mol%, 126 h 9.89×10–8  10.2 [89] 
sol–gel Co/Si=0.88 250 7×10–9 (H2) 160 (H2/CO2) 300 °C, 66.6 mol%, 200 h 1×10–9 100 [17] 
sol–gel Co/Si=0.25 160 9.5×10–8 (He) 370 (He/N2) 180 °C, 3 mol%, 5 h 4×10–8 375 [96] 
sol–gel Nb/Si=0.33 
(BTESE) 
200 9×10–8 (H2) 220 (H2/CO2) 200 °C, 100 kPa, 300 h 3×10–8 3700 [102] 
Sol–gel Nb/Si=0.17 
(BTESE) 
200 6.3×10–8 108 (H2/CO2) 200 °C, 150 kPa, 300 h 7×10–9 720 [101] 
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To date there is little consensus among researchers as to how the dopants improve the hydrothermal 
stability. Most of previous work is focussed on the performance of membranes as shown above. The 
underlying processes are still not well understood. Recent research [53] demonstrated that materials 
derived from TEOS and metal alkoxides (zirconium (IV) butoxide, titanium (IV) butoxide and 
niobium(V) ethoxide) were much more stable than pure silica materials as these metals can act as 
network former and stabilize the silica network, evidenced by the increased glass transition 
temperature (Tg) as shown in Figure 2.6.  It is understandable as these metal alkoxides have analogous 
behaviour as TEOS and can react with silica precursors to form hybrid Si-O-M networks. These Si-
O-M structures are responsible for the improved hydrothermal stability by enhancing network 
connectivity. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Specific surface area loss of the silica materials after hydrothermal treatment  
as function of the glass transition temperature (Tg) [53] 
 
However, this is not the case for the materials/membranes synthesised from metal salts and silica 
precursors. Metal salts are not likely to react with silica to form Si-O-M bonds in acid condition. For 
instance, Corrias et al. [105] revealed that the local environment of Ni in NiO-SiO2 nanocomposite, 
produced from nickel nitrate hexahydrate and TEOS, was similar to that of crystalline nickel oxide 
(NiO). Further, nickel doped silica membranes were hydrothermally stable [71, 93, 94]. Hence, the 
improved hydrothermal stability of nickel doped membranes cannot be attributed to Si-O-Ni structure. 
It was also reported that tricobalt tetroxide (Co3O4) silica was much more stable than reduced cobalt 
silica material [97], which implied that different cobalt species had different stability effect on the 
structure. In addition, the specific states of cobalt in xerogels are not very clear, though cobalt 
tetroxide, cobalt hydroxide and cobalt silicate in xerogels have been reported [46, 60, 61, 106, 107]. 
 19 
 
When the annealing temperature is under 850 °C, cobalt tetroxide (Co3O4) is thermodynamically 
stable. However, the formation of cobalt tetroxide in the xerogels is not only determined by cobalt 
loading, it also depends on specific sol gel conditions [60, 61, 106, 107]. It is clear that there is a 
significant research gap regarding the correlation between cobalt phase and hydrothermal stability of 
cobalt doped silica matrices.  
 
2.5 Transport mechanism 
The transport mechanism of porous silica membranes depends on the pore size, pore size distribution, 
fabrication materials and fabrication procedures and it can be characterised by viscous flow, Knudsen 
diffusion, surface diffusion and activated transport as shown in Figure 2.7.  
 
Figure 2.7. Illustration of transport mechanism of porous membrane [5] 
 
For a membrane, permeance and permselectivity are two important parameters. They can be 
expressed as follows[10]: 
ܲ ൌ ௃୼௣              Where   Δ݌ ൌ ݌ு െ ݌௅          (4) 
ܵ஺ ஻ൗ ൌ
௉ಲ
௉ಳ                                                              (5) 
where ܲ is permeance (mol m–2 s–1 Pa–1), J is the molar flux (mol m–2 s–1), Δ݌ is the pressure gradient 
(Pa), ݌ு is the pressure of feed side, ݌௅ is the pressure of permeate side. ܵ஺ ஻ൗ  is the ideal selectivity 
of gas A over gas B. 
The viscous flow is described by the Poiseuille equation (Eq. 6). It is applicable to membranes with 
large pores, broader pore size distribution and is used to characterize the gas fluxes through 
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macroporous substrates. It yields very high permeance with no selectivity between gases. The number 
of intermolecular collisions is strongly dominant [13]: 
ܲ݌ ൌ ఌ೛௥̅మ଼ఛఎோ்௅ ݌௠                                                      (6) 
where ܲ݌ is the Poiseuille permeance (mol m-2 s-1 Pa-1), ߝ௣ is the porosity (-),	߬ is the tortuosity, ߟ is 
the gas viscosity (N·s·m-2), L is the thickness (m) of the porous layer, and R is the gas constant (J·mol-
1·K-1), T is the absolute temperature (K), ̅ݎ is the model pore radius (m) and ݌௠ is the mean pressure 
across the membrane (Pa) [108]. 
When the number of molecule to wall collisions is strongly dominant [13], the flow of a single gas in 
a long capillary under the action of a concentration pressure gradient can be described by the Knudsen 
equation (Eq. 7): 
	 ௞ܲ ൌ ଶఌ௥ଷఛ௅	 ቀ
଼
ߨܴܶܯቁ
଴.ହ
                                              (7) 
where 	 ௞ܲ is the Knudsen permeance (mol m– 2 s– 1 Pa– 1), ε is the porosity (-), τ is the tortuosity, r is 
the average pore radius (m), L is the membrane thickness (m), R is the gas constant (J mol– 1 K– 1), T 
is the absolute temperature (K), M is gas molecular weight (kg mol– 1) [109]. The ideal Knudsen 
selectivity is equal to the square root of the inverse gas molecular weight ratio (Eq. 8): 
				ܵ஺ ஻⁄ ൌ ටெಳெಲ                                                         (8) 
where ܵ஺ ஻⁄  is the selectivity of gas A over gas B, and M is the respective gas molecular weight. For 
the interlayer of a membrane, Knudsen flow is very common. The H2/CO2 ideal Knudsen selectivity 
is approximately 4.69, still too low for industrial application. 
When gas molecules of component A diffuse from a gas phase and preferentially adsorb on the surface 
of a material, the same molecule can diffuse along the surface of the material under a surface 
concentration gradient. The surface diffusion flux is described by Eq. 9. 
ܬௌ ൌ െߩ௔௣௣ܦ௦ߤ௦ ௗ௤ௗ௟                                                      (9) 
where ܬௌ is the surface diffusion flux (mol s–1 m–2), ߩ௔௣௣ is the apparent density (kg m–3), ܦ௦ is the 
surface diffusion coefficient (m2 s–1), ߤ௦  is the reciprocal tortuosity and ௗ௤ௗ௟   is the surface 
concentration gradient (mol kg–1 m–1) [110].  
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One special case of gas diffusion is described by activated transport, which is essentially a molecular 
sieving mechanism[13]. In the case of ultra-microporous (dp<5 Å) membranes, smaller gas molecules 
can enter and diffuse through the micropore while larger gas molecules are excluded based on their 
kinetic diameters. Figure 2.2.8 displays permeances of different gases for molecular sieve silica 
membranes. It is clear that the separation is based on the different kinetic diameters of different gases 
and the average pore diameter of the membrane is about 0.3 nm. However, it does not mean all pores 
in the thin silica film have a unique single pore size distribution (PSD). Duke et al. [111] reported 
that molecular sieve silica films had a tri-modal pore size distribution with discrete sizes of 0.2-0.3 
nm, 0.7-0.8 nm and 1.2-1.3nm by using Positron Annihilation Spectroscopy (PALS). This finding is 
attributed to the amorphous nature of silica membranes, and closely related to the concentration of 
silica functional groups (i.e. silanols or siloxanes in the formation of pore sizes). 
 
Figure 2.8.  Pore size distribution determined by single gas permeation test [112] 
 
In active transport, the permeance of gas is driven by the chemical potential of the concentration 
gradient, as can be described by Fick’s law: 
ܬ ൌ െܦ෩ ௗ௖ௗ௫                                                          (10) 
Where ܬ is the flux (mol m– 2 s– 1) through the membrane, ܦ෩ is the chemical diffusion coefficient, ܿ is 
the concentration, ݔ is the coordinate across the permeate direction. Gas adsorption on silica films 
are in the low coverage of Henry’s regime except that CO2 shows very slight non-linearity at 295-
323 °C [15, 113]. Hence, Henry’s law is generally obeyed: 
ܿ ൌ ܭ݌                                                                  (11) 
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where  ܭ is a proportionality constant that can be determined by van’t Hoff Equation (Eq. 12). 
K ൌ K଴ exp ቀ୕౩౪ୖ୘ቁ                                              (12) 
K଴  is a temperature independent proportionality constant, Qୱ୲ is the isosteric heat of adsorption, R is 
the gas constant (8.314 J mol– 1 K– 1) and T is the absolute temperature (K). The diffusion coefficient 
in Eq. 7 can be determined by Arrhenius relation (Eq. 13). 
D෩ ൌ D଴ exp ቀି୉ౣୖ୘ ቁ                                             (13) 
where D଴ is a temperature independent proportionality constant. E୫ is the positive mobility energy 
[114]. 
From Eq. 10 to Eq. 14, we can get the permeance of activated diffusion, 
P ൌ ୈబ୏బ୐ exp ቀ
ି୉ೌ೎೟
ୖ୘ ቁ                                        (14) 
where Eୟୡ୲ is an apparent activation energy (kJ mol– 1) and	Eୟୡ୲ ൌ E୫ െ Qୱ୲. 
It is clear that Eact can be affected by heat of adsorption (Qst) and the energy of mobility (Em). It is 
generally positive for smaller gases (He and H2) as Em>Qst and either close to zero or negative for the 
larger gases (CO2, N2) as Em<Qst for high performance microporous silica membranes [115-117], 
which means the permeance of smaller gases will increase with temperature, while the larger gases 
will decrease with temperature. Then high permselectivity can be attained at high temperature [114], 
which is beneficial to high temperature separation processes .  
Although single gas permeation has been often utilized to characterise membrane’s separation 
performance and it is easy to carry out, gas mixture separation can provide more accurate information 
in terms of an industrial separation scenario. For gas mixture separation, the membrane selectivity 
(separation factor) of component i over component j is defined as [118]: 
௜ܵ/௝ ൌ ݕ௜ ݕ௝
⁄
ݔ௜ ݔ௝⁄ 																																													ሺ15ሻ 
where x and y are the molar concentrations in the feed and permeate side of the membrane, 
respectively. The selectivity of gas mixtures is generally lower than the permselectivity of single gas, 
as shown in Figure 2.9. Moreover, a specification of gas purity has more meaning than gas selectivity 
and it is more industrially relevant. Battersby et al. [100] reported that a selectivity of 8 for H2/CO2 
 23 
 
at 150 °C can  concentrate the H2 concentration from 75% in the feed side to over 99% in the permeate 
side. 
 
Figure 2.9 Effect of gas composition on membrane H2/CO2 selectivity [100] 
 
2.6 Summary  
The key issues associated with the hydrothermal stability of silica are generally known. The 
separation mechanism of microporous silica membranes is classified as activated transport, which is 
essentially a molecular sieving mechanism. As a result, the pore size control is important to the 
membrane performance. Based on the fractal theory, weak-branched polymers promotes dense 
packing resulting in microporous films with small pore sizes. It is preferred to be formed under acid 
catalysed sol–gel conditions and has more silanol groups because of the low degree of the 
condensation reaction. Silanol groups are good for pore size control. But it leads to poor hydrothermal 
stability. Under wet conditions, hydrophilic silanol groups can adsorb water molecule, weak Si-O-Si 
bonds are hydrolysed by water molecule, creating neighbouring hydroxyl pairs, which are subject to 
recondensation. As a result, silica becomes mobile inside the pore, and migrates to the lowest energy 
points in the structure. Then smaller pore condenses to close and larger pore is widened resulting the 
degradation of membrane performance.  
The literature review reveals that a significant knowledge gap related to the understanding of the full 
range of temperature and steam concentration exposure. Many of the work reported in the open 
literature were carried out under specific conditions of temperature and generally low steam 
concentration exposure. It is therefore worthwhile to carry out a full range of temperature and stream 
concentration exposure, which warrants further research. 
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One of the major contentious issues arising from the literature review is related to the influence of 
metal/metal oxide doping on the hydrothermal stability of silica based materials/membranes. The 
dopants may stay as metal oxide in the silica matrix or react with silica to form hybrid Si-O-M 
structures, which is based on the properties of metals and precursors. As a promising candidate, cobalt 
oxide silica membranes show excellent separation performance and hydrothermal stability. However, 
the influence of cobalt phase, hence the optimisation pathway on improving the hydrothermal stability 
of silica materials/membranes is not clear yet. Moreover, the correlation between materials’ 
hydrothermal stability and membranes’ performance also needs to be studied.  
Another knowledge gap in the literature is associated with the interaction between cobalt phase and 
silica network, particularly at low cobalt concentrations.  Although cobalt ions could be trapped in 
the silica network, it is difficult to be confirmed under current conventional characterisation 
techniques. Advanced characterisation techniques such as synchrotron XAS (x-ray absorption 
spectroscopy) could be used to investigate the interaction between cobalt and silica network and the 
influence of hydrothermal stability behaviour of the materials.  
A final knowledge gap is that novel methods for thin silica film coating have not evolved for the last 
20-40 years. Major previous developments in this area were based on sol–gel dip-coating or CVD 
methods. The only recent development is the rapid thermal processing. Other advanced methods 
should be considered for sol–gel as the development of interlayer-free silica membranes becomes 
important to reduce production costs. A potential method for consideration is sol–gel seeding, which 
is well known for ceramic preparation with crystalline structures, though not previously reported for 
amorphous silica membranes.  
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3 Physicochemical properties and hydrothermal stability investigation of cobalt 
oxide silica xerogels  
 
3.1 Introduction 
Although cobalt oxide silica membranes showed improved hydrothermal stability under mild 
hydrothermal conditions, their stability under a wide range of hydrothermal conditions has not been 
studied yet. In this chapter, the hydrothermal stability of cobalt oxide silica materials synthesised 
from a sol–gel method was comprehensively investigated and the physicochemical properties of the 
materials were characterised by N2 sorption, FTIR, solid-state 29Si NMR (CP/MAS), micro-Raman, 
XRD and HR-TEM techniques. The aim of this chapter was to study the influence of hydrothermal 
conditions on the materials’ physicochemical properties and hydrothermal stability.  
3.2 Contributions 
Chapter 3 has been published in RSC Advances. This chapter is wholly my own work with the 
exception of the contributions by Prof. João C. Diniz da Costa, Dr Simon Smart, Dr David Wang and 
Dr Dana Lee Martens in the advisory capacity, and Dr Ekaterina Strounina for NMR measurement. 
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3.3 Abstract  
The hydrothermal stability of the cobalt oxide silica xerogels was comprehensively investigated, 
including the effect of Co/Si molar ratio (0.00–0.50), vapour content (0–75 mol%), exposure time (0–
100 h) and temperature (250–550 °C). Physicochemical properties of the xerogels were characterised 
by nitrogen sorption, FTIR, solid-state 29Si NMR (CP/MAS), micro-Raman, XRD and HR-TEM 
techniques. The structural characterisation indicated that increasing cobalt incorporation inhibited the 
degree of condensation in the silica network, and that the formation of tricobalt tetroxide (Co3O4) 
nanocrystals in the silica matrix was only observed in high cobalt loading samples (Co/Si ≥ 0.25). 
The hydrothermal stability of the xerogels assessed by N2 sorption was found to be strongly dependent 
on the cobalt loading; particularly when the presence of Co3O4 in the silica matrices was implicated. 
For the unstable xerogels (Co/Si < 0.25), the material’s stability was significantly decreased by both 
vapour content and exposure time, resulting in an almost 90 % surface area reduction. On the other 
hand, the high cobalt loading xerogels (Co/Si ≥ 0.25) were found to contain Co3O4 and were much 
more stable, losing less than 25 % of surface area and maintaining microporous structure after 
exposing to a harsh condition of 75 mol% vapour at 550 °C for 40 h. A structural model is proposed 
whereby the cobalt oxide particles ‘shield’ the silica matrix and inhibit the hydrolysis and 
condensation of the silica in the pores walls. This effectively limits the structural rearrangement that 
hydrothermal treatment typically invokes and therefore confers improved hydrothermal stability.  
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3.4 Introduction 
The silica sol–gel process represents a powerful, yet simple approach to synthesise functional 
materials for membranes, catalysts, sensors and optical applications [1-5]. This process is versatile, 
with the ability to tailor structures with controllable pore sizes, particularly around 3 to 5 Å for 
molecular gas sieving separations [6-8]. In this process, the condensation reaction of silica alkoxides 
is inhibited, thus generating uncondensed species known as silanols (Si–OH). Silanol moieties freely 
interpenetrate one another as they are forced into close proximity [9] during the sol–gel process 
leading to gelation and silica film formation. 
From one perspective, this process is ideal as the interpenetration of silanol groups in the silica matrix 
provides an ideal synthesis environment for molecular pore size tailoring. On the other hand, silanol 
groups are hydrophilic, and silica matrices undergo structural rearrangement in the presence of water 
[10], particularly within the first day of exposure [11]. As a consequence, the pore sizes enlarge, 
leading to ineffectual gas separation and loss in membrane performance [12, 13].  
To address the hydro instability of porous silica matrices, several groups have embedded structural 
stabilising entities into the silica matrix. These have included covalently bonded templates [14, 15] , 
carbonisation of cationic surfactants [16] and doping of metal oxides based on nickel [17] , cobalt 
[18, 19] and niobia [20]. The incorporation of metal oxides such as cobalt may prevent thermally-
induced movement of silanol groups resulting in rearrangement of the silica network under 
hydrothermal conditions [18], thus rendering silica membranes hydrostable. Nevertheless, many of 
the hydrothermal investigations involving silica membrane materials reported in the literature were 
carried out under conditions of moderate temperatures and generally at low steam concentrations. 
This is a significant limitation regarding the current body of literature, as there is no proof that porous 
silica structures can withstand long term exposures at high steam concentration and temperatures. Of 
the limited work performed in this area, the most significant studies showed that cobalt oxide silica 
membranes operating at high temperatures (500 °C) gradually decline in performance [18, 21]. 
Interestingly Battersby and co-workers [22] showed that the densification of the silica matrix occurred 
for both cobalt oxide silica and pure silica matrices, though the former maintained microporosity after 
high pressure exposure in an autoclave, contrary to the meso-macroporisity for the pure silica. Hence, 
the incorporation of metal oxide into silica matrices has been shown to improve hydrothermal stability. 
Despite these studies, there is a paucity of comprehensive hydrothermal investigations to fully 
understand how these properties may be conferred.  
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This work systematically investigated the stability of cobalt oxide incorporated silica xerogel matrices 
under various hydrothermal treatment conditions, including harsh conditions of high temperature and 
high water content, to provide further knowledge in the structure-property-performance relationship. 
Sol–gel processing was used to synthesize cobalt oxide silica xerogels containing a parametric 
increase of Co/Si molar ratio from 0.00 (blank sample – pure silica) to 0.50. The resultant xerogels 
were tested under different hydrothermal conditions as a function of water vapour concentration (10–
75 mol%), exposure time (20–100 h) and temperatures (250–550 °C). Finally, the physicochemical 
properties of xerogel matrices were characterised by nitrogen physisorption, ATR-FTIR, solid state 
29Si CP/MAS NMR, micro-Raman, XRD and HR-TEM techniques. 
 
3.5 Experimental 
Cobalt silica sols with a Co/Si molar ratio ranging between 0.00 and 0.50 were prepared by a sol–gel 
method described elsewhere [21]. Briefly, cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98 %, Sigma-
Aldrich) was dissolved in a solution of hydrogen peroxide (H2O2, 30 wt%) and ethanol (EtOH, 99 %, 
AR grade). The mixture then was cooled down to 0 °C using an ice bath. Tetraethoxysilane (TEOS, 
99 %, Fluka) was added drop-wise and stirred for 3 h to achieve a final molar ratio of 255: 80: 4: 0–
2: 9 for the EtOH: H2O: TEOS: Co(NO3)2 ·6H2O: H2O2 sol. The pH was measured between ~3.5 and 
4 which are above the isoelectric point of the silica particles (pH 1~3) [23]. All the sols remained 
clear and transparent during the sol synthesis which indicated that the sols were stable and 
homogenous. The sol was dried in an oven at 60 °C for 96 h. The dried xerogels were ground into a 
fine powder and calcined in an air atmosphere in a temperature-controlled furnace at 630 °C for a 
hold time of 2.5 h with heating/cooling rates of 1 °C min–1. The ‘as-synthesized’ materials are 
hereafter denoted by XCoSi, where X is the molar ratio of cobalt to silicon, e.g. 0.10CoSi for the 
cobalt oxide silica xerogel with 0.10 Co/Si, and 0.00CoSi for pure silica. 
Nitrogen sorption experiments were carried out on a Micromeritics TriStar 3020 analyzer after 
degassing under vacuum on a Micromeritics VacPrep061 at 200 °C for a minimum of 6 h. The 
specific surface areas were calculated from the adsorption isotherms via a multi-point Brunauer-
Emmett-Teller (BET) model. The pore volume was obtained from the amount adsorbed at a relative 
pressure (P/Po) of 0.95. Fourier transform infra-red (FTIR) spectra were collected with a Shimadzu 
IRAffinity-1 with a Pike MIRacle diamond attenuated total reflectance (ATR) attachment. Spectra 
were taken over a wavenumber range of 4000–500 cm–1. Peak fitting of the FTIR spectra was 
performed using the Fityk software (version 0.9.4). The peak position and peak height were allowed 
to vary between samples to achieve the best possible fit.  
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Cross-polarization magic-angle-spining (CP/MAS) solid-state 29Si nuclear magnetic resonance 
spectroscopy (NMR) was performed on an Avance III spectrometer (Bruker), operating at 300.13 
MHz for 1H and 59.627 MHz for 29Si. The samples were placed in a 4 mm zirconium rotor and rotated 
at magic angle with 7 kHz frequency. The spectra were recorded using the SP-hpdec technique (single 
pulse with high power proton decoupling). The parameters included 42 ms acquisition time with 
sweep width of 30 kHz; 2K data points were collected. Cross-polarisation time was 5 ms. High-power 
decoupling at 73.53 kHz was applied using tppm15 scheme. Between 200 and 1000 scans were 
collected. The recycle time was determined as 150 and 500 s, according to the sample’s T1. Peak 
fitting of the NMR spectra was performed in a similar way as FTIR spectra. 
Micro-Raman spectra were acquired using a Nicolet Almega XR dispersive Raman spectrometer 
coupled to an Olympus microscope using a He: Ne laser (633 nm) over 2000–70 cm –1. X-ray 
diffraction (XRD) was conducted on a Bruker D8 Advance fitted with graphite monochromators 
using Cu-Kα radiation at an operating voltage of 40 kV and amperage of 40 mA. Full scans were 
collected over 20–80° 2θ with a scanning rate of 3.2 s per step, with focused scans collected between 
32–43° 2θ with a scanning rate of 30 s per step.  
High-resolution transmission electron microscopy (HR-TEM) was performed on a JEOL2100 
equipped with an energy-dispersive X-ray spectroscopy (EDS) accessory. TEM grids were prepared 
by drop-casting an aliquot of xerogel ethanol suspension onto a holey carbon film and air-dried before 
examination. 
Hydrothermal treatment (HT) of the as-synthesised xerogels (0.00-0.50 Co/Si) was conducted in a 
customized rig (see Figure 3.1). The temperature of the furnace was controlled by a PID temperature 
controller. The water flow rate was controlled by a Bronkhorst flow controller and was preheated to 
200 °C in the vaporiser. The carrier gas flow rate (N2) was set to 40 ml min–1. The xerogels were 
placed inside the quartz tube furnace and tested under different hydrothermal conditions (Table 3.1) 
to investigate the effect of water vapour content (10–75 mol%; with equivalent water flow rates of 
0.2–5.4 g h–1), exposure time (20–100 h) and temperature (250–550 °C) on the structural surface 
properties which were evaluated based on the N2 isotherm profile and surface area.  
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Figure 3.1: Illustration of customized hydrothermal test rig. 
 
Table 3.1: Hydrothermal test conditions of the as-synthesised cobalt silica xerogels 
Samples 
Temperature 
(°C) 
Vapour content 
(mol%) 
Time 
(h) 
Water flow rate 
(g h–1) 
XCoSi 
(X=0.00, 0.05, 
0.10, 0.15, 0.25 
and 0.50 of Co/Si) 
550 10 20 0.2 
 25  0.6 
 50  1.8 
 75  5.4 
550 25 20 0.6 
  100  
550 75 20 5.4 
  40  
250 75 20 5.4 
350    
550    
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3.6 Results and discussion 
3.6.1 As-synthesised xerogels before hydrothermal treatment 
The FTIR spectra of the as-synthesised xerogels are shown in Figure 3.2(a). The spectra agree well 
with previously reported FTIR investigations of silica-based materials [24, 25]. The bands near the 
wavenumber region of 1220 and 1080 cm–1 correspond to the longitudinal optic (LO) and the 
transversal optic (TO) modes of the asymmetric stretching vibrations of siloxane groups (Si–O–Si), 
respectively [26]. In addition, the peak centered at 800 cm–1 was assigned to the symmetric stretching 
vibrations of the same groups [26]. A shoulder peak centered at 950 cm–1 can be attributed to the Si–
O– stretching vibration of the Si–OH [27]. Also shown in Figure 3.2(a), the peak around 670 cm–1 
was allocated to the vibrational stretching modes of Co(III)–O bonds in tricobalt tetroxide (Co3O4) 
[28, 29]. The formation of Co3O4  was clearly influenced by the cobalt loadings. At low Co/Si molar 
ratio (Co/Si < 0.25), no cobalt species can be detected by FTIR which is in good agreement with 
reports published elsewhere [28, 29]. The presence of Co3O4 can only be observed in the high cobalt 
loading xerogels; in 0.25CoSi and 0.50CoSi, especially.  
 
  
Figure 3.2: (a) FTIR spectra of the as-synthesised xerogels and (b) Ratio of silanol (950 cm–1) peak 
area to siloxane (1070 cm–1) peak area as a function of Co/Si molar ratio 
 
One interesting observation in the spectra was the correlation between a systematic redshift of the Si–
O–Si TO mode with increasing Co/Si molar ratio. Specifically, the frequency of this vibrational mode 
shifted from ~1089 cm–1 for 0CoSi to ~1045 cm–1 for 0.50CoSi possibly due to an increased 
interaction between the silica and the cobalt oxides [30]. Furthermore, the peak intensity of the silanol 
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band increases as a function of Co/Si molar ratio by visual inspection. Therefore, the bands relating 
to the silanol (950 cm–1) and siloxane (1070 cm–1) groups were decomposed to estimate and compare 
the degree of condensation between the xerogel matrices; where a low silanol-to-siloxane ratio 
correlates to a high degree of condensation. Figure 3. 2(b) shows the peak area ratio of silanol peak 
over the siloxane peak as a function of Co/Si molar ratio. The ratio increases linearly from 0.03 for 
0.00CoSi to 0.35 for 0.25CoSi, reaching 0.41 for 0.50CoSi. It is clear that the addition of cobalt into 
the silica matrix increases the concentration of hydrophilic silanols with respect to the siloxane groups. 
In another words, the degree of condensation was reduced by the cobalt incorporation. 
The degree of condensation of the silica network was further investigated by cross-polarization 
magic-angle-spining (CP/MAS) solid-state 29Si NMR (Table 3.2). See Figure 3.S1 in the 
Supplementary Information for a peak decomposed NMR spectrum of 0.10CoSi, as an example. In 
these samples, the typical Qn (Q2, Q3 and Q4) species of the SiO4 tetrahedron were all observed and 
in good agreement with literature values (n represents the number of tetrahedral bonding neighbours) 
[10]. The total concentration of Q2 and Q3 species (silanols) increased from 11% for 0.10CoSi to 
approximately 23% for 0.50CoSi at the expense of Q4 groups (siloxanes). These results are consistent 
with the FTIR findings.  
 
Table 3.2: 29Si NMR CP/MAS peak centers (ppm) and peak area concentrations (%) 
Samples 
Q2 Q3 Q4 
Center Area Center Area Center Area 
0.10CoSi -90 5 -99 6 -113 89 
0.25CoSi -91 6 -102 12 -116 82 
0.50CoSi -90 7 -101 16 -115 77 
 
 
To further probe the chemical structure of the xerogels, Raman spectroscopy was carried out. Figure 
3.3 shows the Raman spectra of all the xerogel samples. For 0.00CoSi, the bands at ~430 , 800, 1070 
and 1180 cm–1 were assigned to the Si–O–Si vibrational modes of an amorphous silica network [27]. 
Ascribed as defects, D1 and D2, the narrow bands at ~490 and ~650 cm–1 were attributed to the three- 
and four-membered ring structure of the silica network, respectively [31]. In all cobalt-incorporated 
silica xerogels these characteristic Raman bands of silica were masked by a broad emmision centred 
at around 1200 cm–1. This emission may be attributed to fluorescence caused by cobalt ions 
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coordinated with the silica matrix. In the 0.25CoSi and 0.50CoSi spectra, intense peaks at ~190 cm–
1 (F2g), 480 cm–1 (Eg) and 690 cm–1 (A1g) along with peaks of lesser intensition at 520 cm–1 (F2g) and 
618 cm–1 (F2g) were assigned to the vibrational models of Co3O4 [32, 33], which is consistent with 
the FTIR results. 
  
Figure 3.3: Raman spectra of the as-synthesised xerogels: (A) 0.00CoSi, (B) 0.05CoSi, (C) 
0.10CoSi, (D) 0.15CoSi, (E) 0.25CoSi, (F) 0.50CoSi 
 
The presence of tricobalt tetroxide was further confirmed by XRD (Figure 3.4). Diffraction peaks at 
31.3, 36.9, 44.9, 55.7, 59.5 and 65.4 °2θ, corresponding to the crystal planes (220), (311), (400), (422), 
(511) and (440), respectively, were assigned to face-centred cubic spinel tricobalt tetroxide (JCPDS 
42-1467) [34]. The cobalt silica xerogel samples were typically amorphous, characterised by a broad 
peak at ~22° 2θ attributed to the silica matrix [28]. As shown by the inset in Figure 3.4, a close 
examination of the (311) reflection over the 32–43° 2θ region indicated that nanocrystalline Co3O4 
(<10 nm) was present in the 0.25CoSi and 0.50CoSi xerogels but not in the 0.10CoSi sample. 
However, the greater intensity of the (311) reflection in 0.50CoSi showed that the concentration of 
Co3O4 was significantly higher than that of 0.25CoSi, which is in good agreement with the 
spectroscopic results shown previously. 
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Figure 3.4: XRD patterns of as-synthesised xerogels and long-time accumulation scans between 32 
and 44° 2θ region in the inset. 
 
N2 sorption was carried out to investigate the effect of cobalt loading on the surface properties and 
porosity of the bulk xerogels; important characteristics for understanding of the membrane material’s 
molecular sieving microstructure. Figure 3.5 shows the N2 sorption isotherms (Figure 3.5(a)), BET 
surface areas (SA) and pore volumes (Figure 3.5(b)) for the xerogels. The isotherm for 0.00CoSi was 
indicative of a dense material with negligible surface area and pore volume. Notably, it was observed 
that the N2 sorption isotherms of all the cobalt-incorporated silica xerogels, except the 0.50CoSi 
sample, exhibited typical Type I profiles with very strong initial adsorption at low partial pressures 
(P/Po < 0.3) followed by saturation; characteristic of microporous materials. When the Co/Si molar 
ratio reached 0.50, the sample displayed both microporous-mesoporous texture: adsorption saturation 
was achieved above 0.7 P/Po following the multilayer adsorption, with the capillary condensation 
leading to a small hysteresis loop at 0.5 P/Po in the desorption stage. All of the cobalt-incorporated 
silica xerogels had similar specific surface areas of ~240 m2 g–1 and total pore volumes of ~0.12 cm3 
g–1 without any appreciable differences. The average pore size diameter for 0.05 to 0.25CoSi samples 
was calculated at ~1.7 nm whilst the 0.50CoSi sample gave a mesoporous structure at ~ 2.5 nm.  The 
average pore size variation was not significant after hydrothermal treatment, though the total pore 
volume decreased. This densification process was therefore attributed to the loss of micropore volume. 
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Clearly, the incorporation of cobalt significantly increased the surface area accessible to N2 compared 
to the pure silica, similar the results observed elsewhere [35, 36]. 
 
Figure 3.5: (a) N2  adsorption (solid line) and desorption (open symbols) isotherms and (b) BET 
surface area (circle) and pore volume (triangle) of the as-synthesised xerogels (lines are provided as 
a guide only) 
 
As the molar ratio of Co/Si was increased from 0.10 to 0.25, a dramatic change in the material’s 
morphology was observed by high-resolution transmission electron microscopy (HR-TEM) as shown 
in Figure 3.6. Whilst no cobalt species were detected spectroscopically or by diffraction in 0.10CoSi, 
the micrograph presented in Figure 3.6(a) indicates small clusters of nanoparticles (<5 nm) distributed 
through the silica network. The larger nuclei of cobalt reduces the transmission of the beam compared 
to the silicon atom producing a darker shading in the micrograph signifying that these nanoparticles 
are comprised of a cobalt component. Upon increasing the Co/Si molar ratio to 0.25, large hexagonal-
shaped crystals ca. 20 nm in width were observed (Figure 3.6(b)), commensurate with the detection 
of nanocrystalline Co3O4 during characterisation. As seen by the small area electron diffractogram 
(SAED) inset in Figure 3.6(b), these particles were crystalline, with interplanar distances of 0.46 nm 
(111) and 0.24 nm (311) which agree with existing literature (JCPDS 42-1467) [37, 38].  
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Figure 3.6: HR-TEM micrographs of (a) 0.10CoSi and (b) 0.25CoSi as-synthesised xerogels with 
an SAED of the corresponding particles (inset) 
3.6.2 As-synthesised xerogels after hydrothermal treatment 
Figure 3.7 presents the change in surface area of the xerogels after hydrothermal treatment as a 
function of water vapour content from 10 to 75 mol% at 550 °C for a fixed exposure time of 20 h. 
The specific surface areas of all samples were observed to be reduced after hydrothermal treatment. 
It can clearly be seen that the surface area loss was strongly dependent on the Co/Si molar ratio and 
water vapour content. Firstly, xerogels with Co/Si molar ratio less than 0.25 were found to be 
extremely unstable, as reflected in the isotherm profiles (Supplementary Information Figure 3.S2). 
However, a much more hydrothermally stable structure was observed in 0.25CoSi and 0.50CoSi. The 
latter only produced small surface area losses of 7.4 and 10.5 % after 25 and 75 mol% water vapour 
treatments, respectively. The isotherm profiles of these treated samples were found to be indifferent 
to that of their as-synthesised counterparts, thus confirming that hydrothermal treatment had not 
negatively impacted on the material’s microstructure. From this investigation, it can be concluded 
that the vapour content had only a small effect on the high cobalt-incorporated samples (0.25CoSi 
and 0.50CoSi) despite their chemical constituents containing a significantly higher concentration of 
surface silanol groups. 
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 \ 
Figure 3.7: BET Surface area of the xerogels as a function of Co/Si molar ratio and vapour content 
at 550 °C and 20 h. 
 
Further examinations into the temporal effect and water vapour concentration were also performed. 
Figure 3.8 shows the surface area loss of the xerogels after being subjected to 25 or 75 mol% vapour 
for different exposure durations. The effect of exposure time had a significant impact on the structural 
stability of xerogels, particularly in samples with low cobalt loadings (Co/Si< 0.25) in the 25 mol% 
vapour condition. In Figure 3.8(a), the greatest loss in surface area can be observed for 0.15CoSi. 
This sample appeared to be quite stable after 20 h treatment with only a surface area loss of 13 %, but 
suffered an 80 % loss after 100 h of treatment. Under the same treatment conditions, a greater surface 
area loss was induced after 20 h for 0.05CoSi and 0.10CoSi, reaching a maximum of ca. 85 % after 
100 h treatment. These results indicate that 0.05CoSi and 0.10CoSi were more susceptible to 
hydrothermal densification, especially when compared to 0.25CoSi and 0.50CoSi which both 
reported less than 15 % surface area loss after 100 h.  
The effect of vapour content was more enhanced for the 75 mol% water vapour treatment as shown 
in Figure 3.8(b). A similar trend can be observed in this investigation whereby cobalt concentration 
again played a major role. It is interesting to point out that the surface area loss of all of the xerogels 
after 20 h treatment was mirrored by the results from the 100 h treatment in 25 mol% vapour. This is 
not surprising as this treatment condition is considered to be extremely harsh, and meets the 
expectation of the maximum industrial condition for wet gas separation. Under this treatment 
condition, only 0.25CoSi and 0.50CoSi exhibited a minimal degree of hydrothermal densification 
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even after 40 h treatment, which was detrimental for 0.05CoSi, 0.10CoSi and 0.15CoSi. In contrast, 
the incremental losses of the samples’ surface area between 20 and 40 h treatment in the 75 mol% 
vapour condition (Figure 3.8(b)) were only found to be between 5–10 % for all samples. This could 
be explained by an equilibrium state establishing after the xerogels saturate with vapour causing rapid 
densification within 20 h exposure, whereby only marginal densification occurs with further temporal 
exposure.  
 
Figure 3.8: Surface area loss of the xerogels for the (a) 25 and (b) 75 mol% vapour content as a 
function of Co/Si molar ratio and exposure time at 550 °C (lines are provided as a guide only) 
 
As shown in Figure 3.9, the effect of temperature on the xerogels at constant water vapour condition 
and exposure time (250, 350, and 550 °C; 75 mol% vapour; 20 h) trended similarly to those of 
previously discussed treatment conditions. Irrespective of treatment temperature the densification 
was most severe in samples with relatively low cobalt loading when treated with 75 mol% water 
vapour, whilst only marginal differences were observed for 0.25CoSi and 0.50CoSi. These results 
suggest that the effect of hydrothermal treatment on the xerogels investigated in this study was not 
strongly dependent on the exposure time (Figure 3.8(b)) or temperature (Figure 3.9) under such high 
vapour conditions (75 mol%). 
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Figure 3.9: Surface area loss of xerogels as a function of Co/Si molar ratio and temperature at 75 
mol% vapour and 20 h (lines are provided as a guide only). 
 
The FTIR spectra of the treated xerogels exposed to 550 °C, 75 mol% vapour and 40 h are shown in 
Figure 3.10. All spectra exhibited characteristic vibrational modes of siloxane and silanol groups 
typical of a silica network. Interestingly, it can be observed that the peak maxima position of the Si–
O–Si TO vibrational mode of all treated samples was detected at the same frequency, ~1045 cm–1. In 
comparison, the change in the frequency of this band for the treated samples was only observed for 
the low cobalt incorporated xerogels (0.05CoSi, 0.10CoSi and 0.15CoSi) whereas the position of this 
band was unaffected for 0.25CoSi and 0.50CoSi. Similarly, the peak intensity of the silanol groups 
(950 cm–1) for 0.25CoSi and 0.50CoSi was higher than that of 0.05CoSi, 0.10CoSi and 0.15CoSi, 
although the change between pre- and post-treatment was neglible in each case. The presence of 
tricobalt tetroxide (~670 cm–1) was again only observed in 0.25CoSi and 0.50CoSi suggesting that 
Co3O4 remained as a stable phase during the hydrothermal treatment. This was also confirmed by the 
Raman spectra of the corresponding treated xerogels (Supplementary Information Figure 3.S3).  
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Figure 3.10: FTIR spectra of the xerogels exposed to 550 °C, 75 mol% vapour and 40 h. 
 
To further probe the silica structure evolution, the treated xerogel powders of 0.10CoSi (unstable) 
and 0.25CoSi (stable) were analysed by 29Si CP/MAS NMR (Supplementary Information Figure 
3.S4). The percentage variation of Qn species populations of the treated xerogels compared with the 
as-synthesised xerogels is shown in Figure 3.11. This variation was determined from the area 
difference of the decomposed peaks associated with each Qn species before and after hydrothermal 
treatment. A large increase of the Q4 group was observed for the 0.10CoSi sample after treatment 
indicating further condensation took place during treatment. This conjecture is clearly supported by 
the loss in both the Q2 and Q3 groups whereby the silanol groups underwent crosslinking to form the 
fully condensed siloxane species. On the other hand, only a minor change in the Qn species was 
observed for 0.25CoSi, albeit with a small decrease in the Q2 group which had predominately 
converted to the Q3 specie. This suggests that the structural rearrangement of the silanol and siloxane 
groups was minimal; hence the material was more stable. These findings are in good agreement with 
the hydrothermal results of the xerogels via N2 sorption.   
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Figure 3.11: Percentage variation of decomposed peak area of the silicon Qn species between the as-
synthesised and the treated xerogel samples (0.10 CoSi and 0.25CoSi) 
 
3.7 Discussion 
From the hydrothermal investigations of the as-synthesised CoSi xerogels, it was clearly discerned 
that both 0.25CoSi and 0.50CoSi outperformed the xerogels with lower cobalt-incorporation over all 
testing conditions. It is widely accepted that the instability of silica is due to the hydrolytic attack by 
water molecules leading to restructuring of the silica matrices [10]. This conjecture is often pitched 
by the degree of hydrophilicity associated with the silanol groups on the surface in the literature; the 
more hydrophilic silanol groups on the surface the greater the susceptibility to hydrolysis. 
Nevertheless, the silanol groups are important for the pore size tailoring of the silica network in 
creating a molecular sieving pore structure. In this xerogel investigation, it was noteworthy that the 
hydrothermally stable xerogels (0.25CoSi and 0.50CoSi) had a relatively high silanol ratio as 
determined from the FTIR and 29Si CP/MAS NMR results. Meanwhile, xerogels with a lower silanol 
ratio were not observed to produce a hydrothermally stable structure. Therefore, the hydrothermal 
stability cannot strictly be related to the silanol ratio in this case.  
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Figure 3.12: Scheme of the interaction between cobalt oxide (CoxOy) and silica network.  
 
It was interesting to observe a correlation that xerogels with low cobalt concentrations (0.05CoSi, 
0.10CoSi and 0.15CoSi) had undetectable cobalt species and concurrently demonstrated 
hydrothermally unstable matrices. These results strongly implicate that Co3O4 was a responsible 
factor in maintaining the structural stability of the matrices in this work, as suggested by its stabilising 
influence on membranes tested under mild hydrothermal conditions [11, 18, 21, 22]. Despite of all 
these studies, the mechanism behind this experimental observation is still not well understood or 
explained.  
It is believed that a strong physical bonding interaction between the cobalt oxides and the silica matrix 
is responsible for the improved hydrothermal stability. As depicted in Figure 3.12, the bonding 
interaction between the cobalt oxide species (CoxOy) and the oxygen atoms of the silanol groups and 
siloxane bridges is only possible where these groups are in close proximity in the matrix. Indeed, 
when more cobalt was incorporated, a higher concentration of CoxOy is expected inside the silica 
matrix; especially Co3O4 which correlated with the improved hydrothermal stability in this study. 
This interaction was most evident in the FTIR results (Figure 3.2(a)) where a significant redshift in 
the asymmetric Si–O–Si stretching vibration was observed with increasing cobalt concentration. 
Similar behaviour has also been reported by Parler et al. [30] and Clapsaddle et al. [39] for cobalt 
oxide silica and iron oxide silica systems, respectively. This behaviour has been hypothesized to relate 
to a reduction in the bond strength of the Si–O–Si vibration as a result of a change in the dipole 
moments of the siloxane bridges [30]. However, an increasing interaction between the CoxOy and the 
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silica must play an important role in preventing the siloxane bridges from hydrolytic attack by water 
molecules even at extremely harsh hydrothermal condition (550 °C, 75 mol%, 40 h).  
To further understand the mechanism behind hydrothermal stability, a structural model is proposed 
as shown in Figure 13. Due to the low concentration of CoxOy in the 0.05, 0.10 and 0.15CoSi samples 
(Figure 3.6(a)), a smaller degree of physical interaction with the silica surface would be expected. In 
addition, the small degree of this interaction would barely be detected by the change in the siloxane 
bridge vibration as indicated in Figure 3.2(a). Hence, the internal silica surface (i.e. surface of the 
micropores) exposed to water molecules during hydrothermal treatment would be much greater and 
more susceptible to hydrolysis, leading to further condensation and densification. As such, the 
xerogels lose a considerable proportion of their initial surface area and pore volume (> 90 % 
maximum reduction). This is supported by the 29Si CP/MAS NMR study presented in Figure 3.11 
and the hydrothermal results. In other words, the densification leading to pore shrinkage of the silica 
matrix must have brought them closer within the pores. Therefore, an increased physical interaction 
between CoxOy and the silica is expected and was observed in the FTIR spectra (Figure 3.10) by a 
redshift in the siloxane bridge vibrations to ~1045 cm–1 for 0.05CoSi, 0.10CoSi and 0.15CoSi. This 
constitutes a significant shift of 44 cm–1 wavenumbers.  
Meanwhile, when the cobalt concentration reached a critical threshold (Co/Si ≥ 0.25), crystalline 
Co3O4 particles were clearly detected (Figure 3.4 and 6(b)). For these samples, 0.25CoSi and 
0.50CoSi, the presence of Co3O4 in the silica matrices and their strong physical interaction with the 
silica matrix provided superior hydrothermal stability. As shown schematically in Figure 3.13, this 
interaction was envisaged to be much stronger and long range due to the large particle size of 
crystalline Co3O4 and possibly also other forms of untraceable CoxOy. Despite a smaller degree of 
densification observed (SA and PV < 25 % maximum reduction), the majority of the silica matrix in 
physical interaction with the Co3O4 was “shielded” from hydrolysis. Therefore, only a small 
concentration of Q2 groups was condensed in forming the Q3 species after the hydrothermal treatment 
and that structural integrity was maintained throughout the various hydrothermal exposure conditions.  
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Figure 3.13: Proposed model for the structural and textural evolution of 0.10CoSi (unstable) and the 
0.25CoSi (stable) xerogel samples pre and post hydrothermal treatment. 
3.8 Conclusions 
Cobalt silica xerogels were synthesised via sol–gel processing, incorporating a systematic increase of 
Co/Si molar ratio (0.00-0.50). The degree of condensation of the silica network and the formation of 
tricobalt tetroxide (Co3O4) were governed by the cobalt-loading. High cobalt-loading samples 
(0.25CoSi and 0.50CoSi) produced greater concentrations of silanol groups and nanocrystalline 
Co3O4 as evidenced by FTIR, 29Si CP/MAS NMR, micro-Raman and XRD. Co3O4 was the only 
detected crystalline phase in the silica matrix and it was not observed in the xerogels with a low 
cobalt-loading (0.05CoSi, 0.10CoSi and 0.15CoSi). 
The results of hydrothermal investigation revealed that 0.05CoSi, 0.10CoSi and 0.15CoSi were 
susceptible to the treatment conditions while 0.25CoSi and 0.50CoSi maintained their structural 
integrity under a full range of treatment conditions. Furthermore, it was shown that the hydrothermal 
stability of the xerogels was not directly associated with the concentration of hydrophilic silanol 
groups. Meanwhile, the materials’ stability correlated well with the presence of Co3O4 in 0.25CoSi 
and 0.50CoSi. A structural model was proposed which explained that the interaction between CoxOy 
particles and the silica matrix confers improved hydrothermal stability. 
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Figure 3.S1: Peak decomposition of 29Si CP/MAS NMR spectrum of 0.10CoSi sample. 
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Figure 3.S2: N2  adsorption (solid line) and desorption (open symbols) isotherms of the xerogels 
exposed to 75 mol% vapour at 550 °C for (a) 0 h, (b) 20 h, and (c) 40 h. 
 
Figure 3.S3: Raman spectra of the xerogels exposed to 75 mol% vapour at 550 °C and 40 h: (A) 
0.05CoSi, (B) 0.10CoSi, (C) 0.15CoSi, (D) 0.25CoSi and (E) 0.50CoSi 
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Figure 3.S4: 29Si CP/MAS NMR spectra of (a) 0.10CoSi and (b) 0.25CoSi before and after 
treatment (550 °C, 75 mol% vapour and 40 h) 
 
  
    
 60 
 
4 Hydrothermal stability investigation of micro- and mesoporous silica 
containing long-range ordered cobalt oxide clusters by XAS 
 
4.1 Introduction 
In this chapter, cobalt oxide silica materials were synthesised from a new sol–gel recipe and the 
influence of hydrothermal exposure on the materials was investigated by N2 sorption, micro-Raman 
spectroscopy and x-ray absorption spectroscopy (XAS). The aim of this chapter was to determine the 
local environment of cobalt atoms to provide further insight about the underlying mechanism of 
improved hydrothermal stability of cobalt oxide silica materials.  
 
4.2 Contributions 
Chapter 4 has been published in Physical Chemistry Chemical Physics. This chapter is wholly my 
own work with the exception of the contributions by Prof. João C. Diniz da Costa, Dr Simon Smart, 
Dr David Wang and Dr Dana Lee Martens in the advisory capacity, and Dr Peter Kappen for XAS 
data analysis. 
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4.3 Abstract 
This work investigates the hydrothermal stability of cobalt doped silica materials with different Co/Si 
molar ratios (0, 0.05, 0.10, and 0.25). The resultant materials were characterized by N2 sorption and 
chemical structures by Raman and X-ray absorption spectroscopy before and after a harsh 
hydrothermal exposure (550 °C, 75 mol% vapour and 40 h).  The cobalt silica materials showed a 
lower surface area loss from 48% to 12% with increasing Co/Si molar ratio from 0.05 to 0.25 and 
relatively maintaining their pore size distribution, while pure silica exhibited significant surface area 
reduction (80%) and pore size broadening. For low cobalt loading sample (Co/Si=0.05), the cobalt 
was highly dispersed in the silica network in a tetrahedral coordination with oxygen and a small 
proportion of Co-Co interaction in the second shell. Long range order Co3O4 was observed when 
Co/Si molar ratio increased to 0.10 and 0.25. The hydrothermal exposure did not affect the local 
cobalt environments and no cobalt-silicon interaction was observed by X-ray absorption spectroscopy. 
The hydrothermal stability of the silica matrix was attributed to the physical barrier of cobalt oxide 
in opposing densification and silica mobility under harsh hydrothermal conditions. 
Keywords: cobalt silica, hydrothermal stability, X-ray absorption spectroscopy. 
 
4.4 Introduction 
Cobalt-containing silica nanomaterials are widely used in a variety of applications, such as 
membranes [1-3], sensors [4, 5] and catalysts [6-8]. For membrane materials, cobalt doped silica 
materials are promising for H2/CO2 separation due to their improved thermal and hydrothermal 
stability [9, 10], which is a major requirement for the industrial deployment of microporous silica 
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membranes. Indeed, for pure silica the network undergoes dramatic densification in the presence of 
water [11], leading to severe degradation of membrane performance [12, 13]. Several transition 
metals/metal oxides, such as Ti[14], Zr [15], Co [1, 10], Ni [16, 17] and Nb[18-20] have been used 
as dopant to improve the hydrothermal stability of the silica matrix. Although these 
materials/membranes showed higher hydrothermal stability than pure silica, the underlying 
mechanism of stabilization is unclear, although a number of different hypotheses have been offered.  
For titanium doped silica membranes, it was speculated that the improvement was due to the enhanced 
resistance of Ti–O–Si bonds to hydrolytic bond cleavage [14]. This also appears to be true for Nb (V) 
silica which forms a hybrid network (Nb-O-Si bridges)[20] that was more stable than Si-O-Si bonds. 
More recent research has reported that Nb (V), Ti (IV), and Zr (IV) ions could also stabilise the porous 
structure of silica-based materials by enhancing the network connectivity, evidenced by the increased 
glass transition temperatures of the materials [21]. Contrasted with this is the success of both nickel 
and cobalt doped silica materials at improving hydrostability through the apparent formation of 
discrete metal oxide nanoparticles. Corrias et al.[22] revealled that the local environment of Ni in 
NiO-SiO2, was similar to that of crystalline NiO and no interactions betwwen nickel and silicon were 
observed. Other studies have reported that tricobalt tetroxide (Co3O4) silica was much more stable 
than the reduced cobalt silica material [23]. Recently, it has been demonstrated that the hydrothermal 
stability of cobalt silica materials was highly dependent on the cobalt phase [24]. This was particularly 
attributed to the presence of Co3O4, and was not related to interactions between the metal or metal 
oxide and the silica network. However, such interactions between cobalt and silica could not be 
excluded.  
It is difficult to confirm the cobalt phase in the silica materials, particularly at low cobalt loading 
conditions [25-27]. A deeper insight into the presence and the interactions between the cobalt atoms 
and the silica network can be obtained from X-ray absorption spectroscopy (XAS). Qualitative 
information like valence and coordination structure can be obtained from X-ray absorption near edge 
structure (XANES) and quantitative information about local environments of selected atoms in the 
materials can be obtained from extended X-ray absorption fine structure (EXAFS) spectra [28, 29]. 
It has been reported that no cobalt oxide was formed and cobalt silicon interactions were observed 
for low cobalt loading samples in mesoporous silica [30, 31] and glasses [32]. On this basis, XAS has 
the potential to investigate the interaction between cobalt and silica, providing further understanding 
on the roles of cobalt on the improved hydrothermal stability of cobalt silica materials and the 
influence of hydrothermal exposure on the local environments of cobalt atoms.  
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In this work, cobalt doped silica materials (Co/Si molar ratio=0, 0.05, 0.10 and 0.25) were synthesised 
from a sol–gel method. The materials were exposed to harsh hydrothermal conditions of 75 mol% 
vapour at 550 °C for 40 h to test materials’ hydrothermal stability, which was assessed by N2 
physisorption. The local environments of cobalt atoms were characterised by micro-Raman and Co 
X-ray absorption spectroscopy to investigate the correlation between chemical structure property and 
hydrothermal stability.  
 
4.5 Experimental  
4.5.1 Material preparation and hydrothermal treatment 
Cobalt silica materials were prepared from a sol–gel method. Briefly, cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O, 98 %, Sigma-Aldrich) was dissolved in a solution of double distilled water, 
hydrogen peroxide (H2O2, 30 wt%) as a catalyst and ethanol (EtOH, 99%, AR grade) as a solvent. 
Then the mixture was cooled to 0 °C using an ice bath. Tetraethoxysilane (TEOS, 99%, Sigma-
Aldrich) was added drop-wise and stirred for 3 h to achieve a final sol. The specific molar ratio for 
the sols are listed in Table 4.1. The samples are described as containing Co to Si where the number 
(i.e. CS10) represents the Co/Si molar ratio. A blank sample (CS0) was prepared as a pure silica 
material (i.e. no cobalt oxide). The sols were dried in an oven at 60 °C for 96 h to form dried xerogels. 
These dried gels were ground into fine powders and calcined in an air atmosphere in a furnace at 
630 °C for a hold time of 2.5 h with heating/cooling rates of 1 °C min–1 to achieve the final calcined 
xerogels. 
Table 4.1: Sol composition details (in molar ratios) 
Sample    EtOH      H2O TEOS Co(NO3)2· 6H2O H2O2 
CS0 170 200     4              0.0    9 
CS5 170 200     4              0.2    9 
CS10 170 200     4              0.4    9 
CS25 170 200     4              1.0                             9 
 
The hydrothermal exposure of the calcined xerogels was carried out in a customized rig, as described 
elsewhere [27]. The vapour concentration was controlled at 75 mol% by setting the water flow rate 
(5.4 g h–1) and carrier gas flow rate (N2, 40 ml min–1). The materials were tested at 75 mol% vapour 
and 550 °C for 40 h to investigate the effect of hydrothermal exposure on the stability of the materials.  
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4.5.2 Material characterisation 
Nitrogen sorption measurements were performed on a Micromeritics TriStar 3020 analyzer.  All 
samples were first degased under vacuum on a Micromeritics VacPrep061 at 200 °C. The multi-point 
BET model was used to calculate the specific surface areas at relative pressures of P/Po = 0.05–0.3 
from the adsorption isotherms. Single point pore volumes were calculated at P/Po = 0.96. The pore 
size distribution (PSD) of the materials was determined from the adsorption branch (P/Po=0˗0.96) of 
the N2 isotherm by density functional theory (DFT) available in the Micromeritics Tristar 3020 
analyser. This calculation was based on a built-in model using cylindrical pores in an oxide surface 
parameters with a regularization factor of 0.40. Micro-Raman spectra were recorded using a Nicolet 
Almega XR dispersive Raman spectrometer coupled to an Olympus microscope using a He: Ne laser 
(633 nm) over 2000–70 cm –1. 
X-ray absorption spectroscopy was carried out at the wiggler XAS Beamline at the Australian 
Synchrotron. The photon energy was controlled by a Si (111) double-crystal monochromator (DCM). 
The DCM was operated at the top of the rocking curve (“fully tuned”), and higher harmonics were 
rejected using the beamline vertically collimating and toroidal refocusing mirrors (Si and Rh, 
respectively). Absorption spectroscopy data were acquired at the Co K-edge (E0=7709 eV). A cobalt 
metal foil was used to calibrate the energy axis. The energy grid was stepped at 0.3 eV close to the 
absorption edge, and the data in the EXAFS region was recorded with constant steps in k-space 
(Δk=0.035 Å– 1). Spectra of two reference materials, CoO and Co3O4, were recorded to inform data 
interpretation and EXAFS modelling.  
XANES data were analyzed using the freeware XANDA [33]. Background subtraction was 
performed using standard polynomials, and the spectra were normalized to an edge jump of one. 
XANES spectra of cobalt typically show a pre-edge feature which contains information on symmetry; 
this feature was extracted using an edge spline.  EXAFS data were analyzed using the freeware 
VIPER [34]. For all spectra, the pre-edge background was extracted using polynomials and smooth 
splines were used for the post-edge background. Spline parameters were optimized to minimize 
signals at low radial distance (r) in the Fourier Transforms. Spectra were fitted in k-space after Fourier 
Back-transformation.  The amplitude reduction factor (S02) was obtained by fitting model compounds 
CoO and Co3O4. A value of S02=0.75 was determined and set as a fixed parameter for the analyses of 
the other spectra. Constraints were applied to reduce the number of fitting parameters: the edge shift 
parameter, E0, was set to be the same for all scattering paths, and the structure disorder factors were 
set to be equal for closely spaced coordination spheres occupied by the same atoms or were set to 
increase with scattering path lengths. Scattering paths (Co-O, Co-Co) used for the EXAFS modeling 
were calculated using the freeware FEFF6L [35]. The crystallographic data of model compounds 
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(CoO and Co3O4) were obtained from the ATOMS Webarchive [36], and input files for FEFF 
calculations were generated using the web-based version of the program ATOMS [37].  
4.6 Results and Discussion 
N2 sorption was carried out to investigate the impact of cobalt doping and hydrothermal exposure on 
the materials’ pore structure, with the isotherms before and after hydrothermal treatment (HT) shown 
in Figure 4.1a and Figure 4.1b. For pure silica sample (CS0), the data showed a high adsorption 
volume at low relative pressure (<0.1) indicating the presence of large amount of micropores. These 
results suggest that in the case of cobalt oxide silica materials, cobalt oxide domains remain embedded 
in the silica matrix, dominated by the microporous silica structure. However, the relative saturation 
pressure was about 0.4 (P/Po), confirming the existence of mesopores, although no clear hysteresis 
can be observed. Samples with a low concentration of cobalt doping (i.e. CS5 and CS10) exhibited 
typical type I isotherms, which are characteristics of microporous materials. However, at higher 
cobalt loadings (CS25), the silica network is significantly mesoporous as evidenced by a type IV 
isotherm with H2 hysteresis. Previous studies suggest mesoporosity arises from the aggregation of 
cobalt species in the silica network;[2, 38] although the water and ethanol ratios are significantly 
altered here. After the hydrothermal treatment, the CS0 sample showed both a significant reduction 
in adsorbed volume and a switch to a type IV isotherm which agreed well with previous results of 
pure silica [21, 39]. On the other hand, CS5 and CS10 samples only exhibited a moderate decrease 
of adsorbed volume and maintained type I isotherms. Likewise the CS25 sample exhibited only a 
minor decrease in volume adsorbed whilst maintaining its type IV isotherm. It is worthwhile noting 
that inclusion of cobalt into the silica sol–gel plays two roles in tailoring the materials’ properties. 
Firstly, the porosity and pore size can be tuned by cobalt loadings as high Co-loading led to 
mesoporous structures possibly associated with a degree of inter-particle space. Secondly, the 
materials possess improved hydrothermal stability as highlighted by samples CS5 and CS10 which 
clearly show that microporosity was maintained after HT based on the N2 sorption isotherm shape.  
The specific BET surface area of the as-synthesised materials and the corresponding surface area loss 
after hydrothermal treatment (HT) is depicted in Figure 4.1c.  Before HT, it was about 500 m2 g–1 for 
pure silica, ~380 m2 g–1 for CS5 and CS10 samples and ~284 m2 g–1 for the CS25 sample. The surface 
area loss after HT was 80% for pure silica, and it was 48%, 33% and 12% for CS5, CS10 and CS25 
samples, respectively. The surface area loss was highly influenced and apparently inversely 
proportional to the cobalt loading. The BET surface areas after HT were 100, 198, 255, 250 m2 g–1, 
for CS0, CS5, CS10 and CS25 after HT. 
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Figure 4.1: N2 sorption isotherms of cobalt doped silica xerogels before HT (a) and after HT (b); (c) 
Specific BET surface area of the as-synthesised materials and surface area loss after HT.   
 
The pore size distribution (PSD) of the materials before and after HT was calculated from density 
function theory (DFT) and it is shown in Figure 4.2.  The PSD results correlated well with the N2 
sorption isotherms. For instance, there were mesopores in CS0 and CS25 samples, while CS5 and 
CS10 samples mainly showed micropores.  For CS0, it consisted of both micropores below 2 nm and 
mesopores ranging from 2 to 4 nm. After the hydrothermal treatment, the micropores disappeared 
and pore size increased significantly for CS0 sample. By contrast, only a small amount of pore volume 
loss was seen for cobalt doped silica samples and the increase of large pores was marginal. For both 
CS5 and CS10 samples, they showed a trimodal pore size distribution whereas the CS25 sample 
mainly showed a broad pore size distribution from 1.5 to 15 nm.  
 
Figure 4.2: pore size distribution of cobalt doped silica before (solid line) and after (dash line) HT. 
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The chemical structure of the materials was analysed by Raman spectroscopy (Figure 4.3). Peaks at 
~185 cm–1 (F2g), 470 cm–1 (Eg), 510 cm–1 (F2g), 605 cm–1 (F2g) and 670cm–1 (A1g) were assigned to 
various vibrational models of Co3O4 [40, 41]. No other cobalt phases were detected.  Co3O4 was only 
observed in the CS10 and CS25 samples. Another interesting result was the broad peaks centred at 
1300 cm–1 for CS5 and CS10 samples, which were not observed in pure silica. This peak may be 
attributed to fluorescence caused by the interaction of the disordered cobalt ions in the silica matrix 
with irradiation laser [38]. In addition, the hydrothermal exposure did not affect the cobalt phase for 
all samples.   
 
Figure 4.3: Raman spectra of cobalt doped silica materials before and after HT. 
 
The XANES spectra were used to determine the oxidation state of the cobalt and to provide qualitative 
information about the local geometry around cobalt.  Corresponding data of the cobalt doped silica 
materials before and after HT are shown in Figure 4.4, alongside with the spectra of the reference 
materials, CoO and Co3O4. The data show that the hydrothermal treatment had no or very little visible 
influence on the spectral response, indicating that the valence and coordination geometry of cobalt 
atoms was stable. At the same time, different features were observed with varying cobalt loadings in 
the as-synthesised materials. In the case of high Co loading (CS25) the spectrum is very similar to 
that of Co3O4, indicating strong structural similarities between these two materials, both before and 
after the hydrothermal treatment.  With decreasing cobalt loading (CS10 and CS5), the whiteline of 
the XANES spectra broadened and became featureless, indicating a change in local atomic structure. 
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This may suggest a decrease in the local order around the cobalt atoms.  These results agreed well 
with above Raman spectra (Figure 4.3) and are reflected in the EXAFS analyses (see further below).   
The pre-edge peak at 7708.5 eV suggests that the first coordination shell lacks inversion symmetry. 
For cobalt, XANES spectra typically show a more distinct pre-edge where Co is present in tetrahedral 
(Td) environments, whereas in the case of octahedral (Oh) coordination the pre-edge is less prominent 
[42]. A very weak pre-edge peak was observed for CoO due to its octahedral coordination 
environment [43, 44] for cobalt atoms in the first shell. Contrary to this, the pre-edge peak was found 
to be present in the spectra of all cobalt doped silica materials (as well as in the case of Co3O4). 
Because of the very low cobalt loading for CS5 sample (Co/Si=0.05), the cobalt ions may be well 
dispersed in the rigid silica network [26] in a form of small clusters.  
 
Figure 4.4: XANES spectra of cobalt doped silica materials before and after HT and reference 
materials; Inset: pre-edge features of XANES spectra of cobalt doped silica materials before HT and 
reference materials (Co3O4 and CoO). 
 
Figure 4.5 shows k2-weighted EXAFS spectra (χ(k)) and the respective Fourier transforms of the 
cobalt silica materials before and after HT, as well as the model compounds, CoO and Co3O4. For the 
cobalt silica materials, no significant variation of the oscillations was observed for samples before 
and after HT, which was consistent with XANES spectra. In the case of CS5, the amplitude of the 
oscillations was strongly reduced when compared to the model samples, and it did not match with 
reference materials. With the increase of cobalt loading, the oscillations of CS10 and CS25 samples 
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resembled Co3O4. More pronounced contributions were observed for CS25 sample at higher k values, 
suggesting a greater degree of order. From the Fourier transforms (right), a predominant peak in the 
first shell was observed for CS5 and the contribution from the second shell was weak. The 
contribution from high radial distances was prominent with the increase of cobalt loading and a high 
degree of similarity with Co3O4 was observed for CS10 and CS25 samples, which was consistent 
with XANES results. 
 
Figure 4.5: (left) k2-weighted χ(k) curves and (right) Fourier transforms of the Co K-edge of cobalt 
silica samples and the model compounds. 
 
The fitting results of the EXAFS curves of all samples are listed in Table 4.2 and corresponding 
structure models of CoO and Co3O4 are shown in Table 4.3. Oxygen was identified as the predominant 
backscatterer in the first shell and the coordination number is about 4, consistent with the tetrahedral 
coordination indicated by the pre-edge peak of the XANES spectra. In the case of the second shell, 
the EXAFS models indicated the presence of Co, and a third shell was generally required to improve 
the fit at higher k-values. The corresponding models reported here use Co-Co scattering paths for 
those shells as the best fits achieved. Models including Co-O and/or Co-Si scattering paths (in either 
the second or third shell) did not yield satisfactory fit results. These observations indicate that Co was 
not dispersed as single atoms or extremely small clusters, in which case Co-Si scattering paths would 
have been expected in the EXAFS fits. Instead, the fit results showed the presence of at least 
 70 
 
moderately small clusters, also in line with the coordination number N1=4 for the first shell. For 
samples CS10 and CS25, the fit results indicated that they resembled a Co3O4-like structure with 
distances and coordination numbers matching well. With increasing Co loading, the data (Figure 4.5) 
showed increased short order, which was reflected in the fit results (increase in coordination). Again, 
no significant variation in the XAS response was observed after the HT, which agreed well with 
Raman spectra.  
Table 4.2: Results of EXAFS curves fitting for cobalt silica samples before and after HT. 
Sample Shell R/Å ΔR/Å N ΔN s/10-3 Å2 Δ s/10-3 Å2 E0 /eV 
CS5 Co-O 2.00 <0.01 4.1 0.3 8.0 1.2 2.4±0.8 
Co-Co 2.89 0.02 1.1 0.4 8.2 3.9 
Co-Co 3.07 0.02 1.1 0.4 8.2 3.9 
CS5-HT Co-O 2.00 <0.01 4.0 0.2 7.0 0.9 2.7±0.7 
Co-Co 2.95 0.01 2.9 0.9 17.7 3.7 
CS10 Co-O 1.95 <0.01 4 0.3 7.0 1.3 -1.7±0.9 
Co-Co 2.85 <0.01 2.1 0.4 6.0 1.5 
Co-Co 3.37 0.01 2.5 0.5 6.0 1.5  
CS10-HT Co-O 1.95 <0.01 4.1 0.3 7.6 1.4 -1.3±1.0 
Co-Co 2.87 0.01 1.8 0.5 6.9 2.3 
Co-Co 3.37 0.01 2.4 0.6 6.9 2.3 
CS25 Co-O 1.94 <0.01 4.4 0.2 5.7 0.8 2.3±0.5 
Co-Co 2.87 <0.01 4.1 0.3 5.9 0.7 
Co-Co 3.38 <0.01 4.7 0.4 5.9 0.7 
CS25-HT Co-O 1.94 <0.01 4.3 0.3 7.2 1.0 1.0±0.7 
Co-Co 2.87 <0.01 3.4 0.4 6.8 0.9 
Co-Co 3.37 <0.01 4.6 0.5 6.8 0.9 
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Table 4.3: Structure models for CoO and Co3O4. 
Model  Shell  R/Å N 
CoO Co-O 2.13 6 
Co-Co 3.02 12 
Co-O 3.70 8 
Co3O4 Co-O 1.93 4 
Co-Co 2.89 4 
Co-Co 3.39 8 
 
It is clear that cobalt doping plays an important role in the improved hydrothermal stability of silica 
materials, as evidenced by the N2 sorption results (Figure 4.1), even at a very low cobalt loading (i.e. 
Co/Si=0.05). It is also clear that this improved hydrostability is conferred through physical 
interactions between the cobalt species and the silica, rather than through chemical bonding. For 
instance, even in the lowest doped CS5 sample, where the cobalt species bears no particularly strong 
resemblance to either CoO or Co3O4 (Figure 4.3), there were no dominant chemical interactions 
between cobalt atoms and silica network.  
Indeed, only minor Co-Co interactions were observed in the second shell (Table 4.2). Hence, the 
improved hydrothermal stability of the materials cannot be attributed to the chemical interaction 
between cobalt and silica matrix in the form of a Si-O-M bond, as has been reported for niobium and 
titanium doped silica materials [21]. In the case of the latter, niobium and titanium alkoxides were 
used as metal sources in the synthesis method, which facilitated the polymeric reaction leading to 
formation of Si-O-M bond. In the case of this work, cobalt oxide silica materials were derived from 
cobalt salts (i.e. Co(NO3)2•6H2O). The cobalt oxide formed non-ligand domains as nanoparticles 
embedded in the silica matrix under acid conditions. 
It is worthwhile noting the role played by Co3O4 in improving the hydrothermal stability of 
microporous silica materials, which follows as a function of the Co/Si=0.05, 0.10 and 0.25. In fact, 
these results strongly indicate that at low cobalt loading, cobalt was highly dispersed in the silica 
matrix in a form of small clusters without any phase segregation, as evidenced by the low coordination 
number in the second shell. These small clusters conveyed some hydrothermal stability as evidenced 
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by the roughly halving of the surface area loss compared to the CS0 sample. By increasing the cobalt 
loading Co3O4 was formed in the silica matrix, which behaved as expected and further reduced the 
surface area loss post HT. As silica becomes mobile under hydrolytic attack and thermal treatment, 
the tendency is for the silica matrix to densify as observed for the pure silica sample CS0. The 
embedment of cobalt oxide into the silica is opposing to a great extent the matrix densification, as 
surface area loss was low at 12% for the CS25 sample. These results further suggest that the silica 
may have also reduced its mobility under hydrothermal conditions, as the Co3O4 particles embedded 
in the silica matrix forms a barrier, thus reducing silica mobility and densification. The mobility of 
unstrained silica species (i.e. silanols) under hydrolytic attack leads to closure of small pore sizes [39] 
and likewise loss of pore volume and surface area [45-47]. Lastly, the hydrothermal exposure had no 
influence on the oxidation state of cobalt, indicating that cobalt species were encompassed by 
amorphous silica network and they were not oxidized by high temperature steam as reported 
elsewhere [48].  
4.7 Conclusions 
Hydrothermally robust cobalt doped silica materials were successfully synthesised from a sol–gel 
method. The cobalt loading effectively conferred superior porous silica structure under harsh 
hydrothermal testing condition. The BET surface area loss was about 80% for the pure silica CS0 
sample and the pore size significantly increased after the hydrothermal exposure (550 °C, 75 mol% 
vapour and 40 h). Under the same exposure condition, the BET surface area reduction was much 
lower at 48%, 33% and 12% for Co/Si molar ratio increased to 0.05, 0.10 and 0.25, respectively, 
whilst pore size variation was not significant. Co3O4 was observed in the CS10 and CS25 samples, 
while the cobalt phase could not be confirmed in CS5 sample by Raman spectroscopy. For low cobalt 
loading sample (Co/Si=0.05), cobalt was in a tetrahedral coordination with oxygen atoms and a weak 
Co-Co interaction in the second shell from XANES and EXAFS characterization. With the increasing 
of cobalt loading, Co3O4 was formed and an increase of long range order was observed.  The harsh 
hydrothermal exposure had no influence on the local structure of the cobalt species indicating they 
were unchanged following HT exposure. As the hydrothermal stability of the silica matrix increased 
with cobalt oxide loading, and as there is no chemical interaction between silica and cobalt oxide, 
these results strongly suggest that the cobalt oxide particles opposed densification and silica mobility 
under harsh hydrothermal conditions. 
Acknowledgements  
The authors would like to acknowledge financial support provided by the Australian Government 
through its CRC program-Cooperative Research Centre for Greenhouse Gas Technologies to support 
 73 
 
this CO2CRC research project. Liang Liu would like to acknowledge the scholarship from The 
University of Queensland and CO2CRC. This research was undertaken on the x-ray absorption 
beamline at the Australian Synchrotron, Victoria, Australia. Raman spectroscopy was performed at 
the Bio-Nano Development Facility in the Australian Institute for Bioengineering and 
Nanotechnology, which was funded by the Queensland State Government Smart State Innovation 
Building Fund. J. C. Diniz da Costa gratefully thanks the support given by the ARC Future Fellowship 
Program (FT130100405). 
4.8 References   
[1] R. Igi, T. Yoshioka, Y.H. Ikuhara, Y. Iwamoto, T. Tsuru, Characterization of Co-doped silica for 
improved hydrothermal stability and application to hydrogen separation membranes at high 
temperatures, J. Am. Ceram. Soc., 91 (2008) 2975-2981. 
[2] C. Yacou, S. Smart, J.C. Diniz da Costa, Long term performance cobalt oxide silica membrane 
module for high temperature H2 separation, Energy Environ Sci., 5 (2012) 5820-5832. 
[3] B. Ballinger, J. Motuzas, S. Smart, J.C. Diniz da Costa, Palladium cobalt binary doping of 
molecular sieving silica membranes, J. Membr. Sci., 451 (2014) 185-191. 
[4] N. Koshizaki, K. Yasumoto, T. Sasaki, Mechanism of optical transmittance change by NOx in 
CoO/SiO2 nanocomposites films, Sens. Actuators B: Chem., 66 (2000) 122-124. 
[5] C. Cantalini, M. Post, D. Buso, M. Guglielmi, A. Martucci, Gas sensing properties of 
nanocrystalline NiO and Co3O4 in porous silica sol–gel films, Sens. Actuators B: Chem., 108 (2005) 
184-192. 
[6] A.Y. Khodakov, W. Chu, P. Fongarland, Advances in the development of novel cobalt Fischer-
Tropsch catalysts for synthesis of long-chain hydrocarbons and clean fuels, Chem. Rev., 107 (2007) 
1692-1744. 
[7] I. Martyanov, S. Uma, S. Rodrigues, K. Klabunde, Decontamination of Gaseous Acetaldehyde 
over CoOx-Loaded SiO2 Xerogels under Ambient, Dark Conditions, Langmuir, 21 (2005) 2273-2280. 
[8] U.B. Demirci, P. Miele, Cobalt-based catalysts for the hydrolysis of NaBH4 and NH3BH3, Phys. 
Chem. Chem. Phys., 16 (2014) 6872-6885. 
[9] S. Smart, J.F. Vente, J.C. Diniz da Costa, High temperature H2/CO2 separation using cobalt oxide 
silica membranes, Int. J. Hydrog. Energy, 37 (2012) 12700-12707. 
 74 
 
[10] S. Battersby, S. Smart, B. Ladewig, S. Liu, M.C. Duke, V. Rudolph, J.C. Diniz da Costa, 
Hydrothermal stability of cobalt silica membranes in a water gas shift membrane reactor, Sep. Purif. 
Technol., 66 (2009) 299-305. 
[11] R.K. Iler, The chemistry of silica: solubility, polymerization, colloid and surface properties, and 
biochemistry, Wiley, New York, 1979. 
[12] Y.F. Gu, P. Hacarlioglu, S.T. Oyama, Hydrothermally stable silica-alumina composite 
membranes for hydrogen separation, J. Membr. Sci., 310 (2008) 28-37. 
[13] T. Tsuru, R. Igi, M. Kanezashi, T. Yoshioka, S. Fujisaki, Y. iwamoto, Permeation properties of 
hydrogen and water vapor through porous silica membranes at high temperatures, AIChE J., 57 (2011) 
618-629. 
[14] Y. Gu, S.T. Oyama, Permeation properties and hydrothermal stability of silica–titania 
membranes supported on porous alumina substrates, J. Membr. Sci., 345 (2009) 267-275. 
[15] K. Yoshida, Y. Hirano, H. Fujii, T. Tsuru, M. Asaeda, Hydrothermal Stability and Performance 
of Silica-Zirconia Membranes for Hydrogen Separation in Hydrothermal Conditions, J. Chem. Eng. 
Jpn., 34 (2001) 523-530. 
[16] M. Kanezashi, T. Fujita, M. Asaeda, Nickel‐Doped Silica Membranes for Separation of Helium 
from Organic Gas Mixtures, Sep. Sci. Technol., 40 (2005) 225-238. 
[17] M. Kanezashi, M. Asaeda, Hydrogen permeation characteristics and stability of Ni-doped silica 
membranes in steam at high temperature, J. Membr. Sci., 271 (2006) 86-93. 
[18] V. Boffa, D.H.A. Blank, J.E. ten Elshof, Hydrothermal stability of microporous silica and 
niobia–silica membranes, J. Membr. Sci., 319 (2008) 256-263. 
[19] H. Qi, J. Han, N. Xu, H.J.M. Bouwmeester, Hybrid organic–inorganic microporous membranes 
with high hydrothermal stability for the separation of carbon dioxide, ChemSusChem, 3 (2010) 1375-
1378. 
[20] H. Qi, H. Chen, L. Li, G. Zhu, N. Xu, Effect of Nb content on hydrothermal stability of a novel 
ethylene-bridged silsesquioxane molecular sieving membrane for H2/CO2 separation, J. Membr. Sci., 
421–422 (2012) 190-200. 
[21] V. Boffa, G. Magnacca, L.B. Jørgensen, A. Wehner, A. Dörnhöfer, Y. Yue, Toward the effective 
design of steam-stable silica-based membranes, Microporous Mesoporous Mater., 179 (2013) 242-
249. 
 75 
 
[22] A. Corrias, G. Mountjoy, G. Piccaluga, S. Solinas, An X-ray Absorption Spectroscopy Study of 
the Ni K Edge in NiO−SiO2 Nanocomposite Materials Prepared by the Sol−Gel Method, J. Phys. 
Chem. B, 103 (1999) 10081-10086. 
[23] D. Uhlmann, S. Smart, J.C. Diniz da Costa, High temperature steam investigation of cobalt oxide 
silica membranes for gas separation, Sep. Purif. Technol., 76 (2010) 171-178. 
[24] L. Liu, D.K. Wang, D.L. Martens, S. Smart, J.C. Diniz da Costa, Influence of sol–gel 
conditioning on the cobalt phase and the hydrothermal stability of cobalt oxide silica membranes, J. 
Membr. Sci., 475 (2015) 425-432. 
[25] G. Ortega-Zarzosa, C. Araujo-Andrade, M. Compeán-Jasso, J. Martínez, F. Ruiz, Cobalt 
oxide/silica xerogels powders: X-ray diffraction, infrared and visible absorption studies, J. Sol–gel 
Sci. Technol., 24 (2002) 23-29. 
[26] S. Esposito, M. Turco, G. Ramis, G. Bagnasco, P. Pernice, C. Pagliuca, M. Bevilacqua, A. 
Aronne, Cobalt-silicon mixed oxide nanocomposites by modified sol–gel method, J. Solid State 
Chem., 180 (2007) 3341-3350. 
[27] L. Liu, D.K. Wang, D.L. Martens, S. Smart, E. Strounina, J.C. Diniz da Costa, Physicochemical 
characterisation and hydrothermal stability investigation of cobalt-incorporated silica xerogels, RSC 
Adv., 4 (2014) 18862-18870. 
[28] O. Beland, A.R. Badiei, M. Ronning, D. Nicholson, L. Bonneviot, UV-visible, XANES and 
EXAFS investigations of a cobalt complex grafted in micelle templated silica, Phys. Chem. Chem. 
Phys., 1 (1999) 605-613. 
[29] J.D. Grunwaldt, C. Beck, W. Stark, A. Hagen, A. Baiker, In situ XANES study on TiO2-SiO2 
aerogels and flame made materials, Phys. Chem. Chem. Phys., 4 (2002) 3514-3521. 
[30] T. Vrålstad, G. Øye, M. Rønning, W.R. Glomm, M. Stöcker, J. Sjöblom, Interfacial chemistry 
of cobalt(II) during sol–gel synthesis of cobalt-containing mesoporous materials, Microporous 
Mesoporous Mater., 80 (2005) 291-300. 
[31] H.S. Ahn, J. Yano, T.D. Tilley, Photocatalytic water oxidation by very small cobalt domains on 
a silica surface, Energy Environ Sci., 6 (2013) 3080-3087. 
[32] M. Hunault, G. Calas, L. Galoisy, G. Lelong, M. Newville, Local Ordering Around Tetrahedral 
Co2+ in Silicate Glasses, J. Am. Ceram. Soc., 97 (2014) 60-62. 
 76 
 
[33] K. Klementiev, XANES dactyloscope for Windows, freeware: 
www.cells.es/Beamlines/CLAESS/software/xanda.html, (2002). 
[34] K. Klementev, Extraction of the fine structure from x-ray absorption spectra, J. Phys. D: Appl. 
Phys., 34 (2001) 209. 
[35] J.J. Rehr, J. Mustre de Leon, S.I. Zabinsky, R.C. Albers, Theoretical x-ray absorption fine 
structure standards, J. Am. Chem. Soc., 113 (1991) 5135-5140. 
[36] The Atoms.inp Archive, http://cars9.uchicago.edu/~newville/adb/search.html. 
[37] ATOMS on the Web, http://cars9.uchicago.edu/cgi-bin/atoms/atoms.cgi. 
[38] D.L. Martens, D.K. Wang, J. Motuzas, S. Smart, J.C. Diniz da Costa, Modulation of 
microporous/mesoporous structures in self-templated cobalt-silica, Sci. Rep., 5 (2015) No. 7970. 
[39] M.C. Duke, J.C. Diniz da Costa, D.D. Do, P.G. Gray, G.Q. Lu, Hydrothermally Robust 
Molecular Sieve Silica for Wet Gas Separation, Adv. Funct. Mater., 16 (2006) 1215-1220. 
[40] V. Hadjiev, M. Iliev, I. Vergilov, The Raman spectra of Co3O4, J. Phys. C: Solid State Phys., 21 
(1988) L199. 
[41] N. Bahlawane, P.H.T. Ngamou, V. Vannier, T. Kottke, J. Heberle, K. Kohse-Hoinghaus, 
Tailoring the properties and the reactivity of the spinel cobalt oxide, Phys. Chem. Chem. Phys., 11 
(2009) 9224-9232. 
[42] J.-H. Choy, H. Jung, J.-B. Yoon, Co K-edge XAS study on a new cobalt-doped-SiO2 pillared 
clay, J. Synchrotron Rad., 8 (2001) 599-601. 
[43] T. Vrålstad, W.R. Glomm, M. Rønning, H. Dathe, A. Jentys, J.A. Lercher, G. Øye, M. Stöcker, 
J. Sjöblom, Spectroscopic Characterization of Cobalt-Containing Mesoporous Materials, J. Phys. 
Chem. B, 110 (2006) 5386-5394. 
[44] D. Carta, G. Mountjoy, G. Navarra, M.F. Casula, D. Loche, S. Marras, A. Corrias, X-ray 
absorption investigation of the formation of cobalt ferrite nanoparticles in an aerogel silica matrix, J. 
Phys. Chem. C, 111 (2007) 6308-6317. 
[45] R. Leboda, E. Mendyk, A. Gierak, V.A. Tertykh, Hydrothermal modification of silica gels 
(xerogels) 1. Effect of treatment temperature on their porous structure, Colloids Surf., A, 105 (1995) 
181-189. 
[46] G.P. Fotou, Y.S. Lin, S.E. Pratsinis, Hydrothermal stability of pure and modified microporous 
silica membranes, J. Mater. Sci., 30 (1995) 2803-2808. 
 77 
 
[47] R. Mokaya, Hydrothermally stable restructured mesoporous silica, Chem. Commun., (2001) 
933-934. 
[48] A.M. Saib, A. Borgna, J. van de Loosdrecht, P.J. van Berge, J.W. Geus, J.W. Niemantsverdriet, 
Preparation and characterisation of spherical Co/SiO2 model catalysts with well-defined nano-sized 
cobalt crystallites and a comparison of their stability against oxidation with water, J. Catal., 239 (2006) 
326-339.  
 78 
 
5 Influence of sol–gel conditioning on the cobalt phase and hydrothermal 
stability of cobalt oxide silica membranes 
 
5.1 Introduction 
The results in chap. 3 and 4 show that cobalt oxide silica materials with different cobalt phases had 
different hydrothermal stability. In this chapter, Two cobalt oxide silica materials/membranes with 
the same cobalt loading (Co/Si=0.1) were synthesised from different sol–gel recipes from Chap. 3 
and Chap. 4. The aim of this chapter was to assess the influence of cobalt phases on hydrothermal 
stability of cobalt oxide silica membranes. The materials and membranes were tested and 
characterized before and after exposing to a harsh hydrothermal condition.  
 
5.2 Contributions 
Chapter 5 has been published in the Journal of membrane science. This chapter is wholly my own 
work with the exception of the contributions by Prof. João C. Diniz da Costa, Dr Simon Smart, Dr 
David Wang and Dr Dana Lee Martens in the advisory capacity. 
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5.3 Abstract 
This work shows for the first time that the hydrothermal stability of cobalt oxide silica membranes is 
very dependent upon the cobalt oxide phase. Xerogels with the same cobalt loading (Co/Si=0.1) were 
characterised by N2 sorption, CP/MAS 29Si NMR, FTIR, Raman, XPS and DR UV-vis spectroscopy. 
It was found that the xerogels containing tetrahedrally coordinated cobalt (Co2+) in the silica matrix 
were hydrothermally unstable leading to a sharp loss of pore volume within 10 h when exposed to 75 
mol% water vapour and 550 °C, followed by complete densification after 40 h. However, silica 
xerogels containing a high content of octahedrally coordinated cobalt (Co3+) in the form of Co3O4 
were able to oppose structural densification and were consequently much more hydrothermally stable. 
The Co3O4 and Co2+ silica membranes were tested for single gas permeation using He, H2, CO2 and 
N2, delivering similar He permeance (2.48 × 10–7 and 2.85 × 10–7 mol m–2 s–1 Pa–1) and a He/N2 
selectivity of 50 and 41 at 500 °C, respectively. Upon exposure to the same harsh hydrothermal 
conditions as the xerogels, the membranes were tested again for single gas permeation. The high 
content Co3O4 silica membrane saw only a marginal decrease in He/N2 selectivity to 39 (22 % loss) 
whilst the tetrahedral cobalt coordination silica membrane had a dramatic decline in selectivity to 
only 11 (73 % loss). 
 
Keywords: silica; cobalt oxide phase; water vapour; hydrothermal stability.  
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5.4 Introduction 
Hydrogen is a high quality clean energy carrier and is generally produced from fossil fuel sources 
such as steam reforming of natural gas and the water gas shift reaction [1, 2]. In these processes, there 
is a need to purify H2 from streams containing CO2 and water vapour. Microporous silica membranes 
have attracted significant interest for H2 separation with excellent separation performances at high 
temperature conditions compared to traditional energy consuming separation techniques. The initial 
development of pure silica membranes was based on sol–gel methods [3-5] and chemical vapour 
deposition [6, 7], which offered great molecular sieving capabilities of silica structures with 
controlled pore sizes around 3–5 Å. However, high temperature wet gas streams can cause a rapid 
degradation of the membrane performance due to its poor hydrothermal stability, which remains a 
major contributing factor to the delay of the commercial applications of microporous silica 
membranes. Gu et al. [8] reported that H2 permeance of a silica membrane prepared from a chemical 
vapour deposition (CVD) method decreased to less than 10% of its initial value at a steam partial 
pressure of 16 kPa and at 600 °C. Tsuru et al. [9] also found that the permeance of H2 and He for a 
sol–gel derived silica membrane decreased by 65% and 40% after treatment for 9 h at 500 °C and 50 
kPa of steam partial pressure (50 mol%). 
Amorphous microporous silica membranes are known to be unstable at high temperatures in the 
presence of water vapour, caused by the densification of the silica network. In general, the 
densification process occurs via physisorption of water molecules onto the surface of silica due to 
interactions with the hydrophilic silanol groups (Si–OH), followed by the hydrolysis reaction which 
enables the cleavage of nearby siloxane groups (Si–O–Si) forming mobile silanol groups [10]. 
Migration of the mobile silanol groups and subsequent condensation reactions result in the widening 
of large pores and eventual collapse of small pores, leading to the loss of membrane performance as 
described by Duke et al. [11].  
Several strategies have been employed to improve the hydrothermal stability of silica membranes, 
including templating [12, 13] and hybrid organosilica [14-16]. However, these materials can only be 
operational at moderate temperatures (<300-400 °C) because of the degradation of the organic species 
present in the silica films. Hence, they are not suitable for high temperature hydrogen separation. 
Another strategy is to incorporate metals or metal oxides, such as Ni [17], Co [18-20] and Nb [21] 
into the silica matrix. The metal oxide silica membranes have shown improved gas separation 
performance under various hydrothermal conditions. In general, the roles of these metal oxide dopants 
on the structure or hydrothermal stability of the silica matrix are complex and highly dependent on 
the sol–gel processes and post-synthesis techniques.  
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There are a limited number of works in the literature regarding the role of composite oxides on the 
hydrothermal stability of porous silica materials, particularly membranes. Boffa et al. [22] reported 
that Nb (V), Ti (IV), and Zr (IV) ions acted as network formers in silica-based membranes by 
stabilising the porous structure and enhancing network connectivity. They used metal alkoxides as 
metal sources, which could readily react with silanol groups to form hybrid Si-O-M networks. 
However, this is not the case for cobalt-doped silica materials. Igi et al. [18] found that 33 mol% 
cobalt oxide silica membrane calcined in steam showed the best hydrothermal stability and in that 
case the cobalt existed as cobalt tetroxide particles. Furthermore, Uhlmann et al. [20] demonstrated 
that cobalt oxide silica was hydrothermally stable up to 180 °C, indicating that cobalt phases play 
important roles in the improved hydrothermal stability of silica matrix.  
The formation of cobalt oxide in the silica matrix is highly dependent on the cobalt concentration [23, 
24], the preceding sol–gel method [25] and silica precursor [26]. Nevertheless, Uhlmann et al. [27] 
carried out a series of hydrothermal cycling up to 500 °C and found that cobalt oxide silica membranes 
severely lost their performance in terms of separation capabilities. In a further work, Lin et al. [28] 
showed that cobalt oxide silica xerogel structures immersed in water in temperatures below 100 °C 
led to significant densification of the matrix within the first day where a structural equilibrium was 
achieved from thereon. Hence, literature shows that metal oxide silica membranes are hydrostable in 
some cases and not in other cases. 
In this work, we show that the cobalt phase has a significant role in producing silica structures that 
can oppose hydrolytic attack or not.  This is demonstrated by systematically investigating the role 
played by cobalt oxide in the silica matrices under harsh hydrothermal conditions of 75 mol% vapour 
at 550 °C as a function of time up to 40 h. We initially developed silica membranes with different 
cobalt phases by varying the sol–gel parameters (ethanol and water ratio) but the cobalt loading 
(Co/Si=0.1) for the materials was the kept constant. The physicochemical properties of xerogels were 
characterised by N2 sorption, 29Si CP/MAS NMR, FTIR, Raman and XPS, DR UV-vis spectroscopy. 
Then, single gas testing of the as-synthesised membranes was carried out to investigate the membrane 
performance before and after harsh hydrothermal exposure. 
 
5.5 Experimental 
5.5.1 Sol–gel preparation and hydrothermal treatment 
Cobalt oxide silica sols were prepared using the specific molar ratios as listed in Table 1. Cobalt 
nitrate hexahydrate (Co(NO3)2·6H2O, 98 %, Sigma-Aldrich) was initially mixed in double distilled 
water and ethanol (EtOH, 99 %, AR grade) and vigorously stirred until complete dissolution was 
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achieved. Subsequently, the mixture was cooled to 0 °C using an ice bath and then hydrogen peroxide 
(H2O2, 30 wt%) was added. Finally, tetraethoxysilane (TEOS, 99 %, Sigma-Aldrich) was added drop-
wise and stirred constantly for 3 h to achieve a final sol. The specific molar ratio regimens for the 
two sols are listed in Table 5.1. In view of the results obtained in this work, the samples are 
denominated as Co3+Si and Co2+Si to facilitate the correlations found between structure, gas 
permeation and hydrothermal investigation. The initial pH of Co3+Si and Co2+Si was 4.4 and 4.1, 
respectively. After 24 h of drying at 60 °C and prior to gelation, their pHs were measured at 2.5 and 
2.1 respectively, indicating very close values for both samples. The sols were dried in an oven at 
60 °C for 96 h to form xerogels. These xerogels were ground into fine powders and calcined in an air 
atmosphere in a temperature controlled furnace at 630 °C for a hold time of 2.5 h with heating/cooling 
rates of 1 °C min–1.  
Table 5.1: Sol composition details (in molar ratios) 
    EtOH      H2O TEOS Co(NO3)2· 6H2O H2O2 
Co3+Si 170 200     4              0.4    9 
Co2+Si 255 80     4              0.4    9 
 
The hydrothermal exposure of the calcined xerogels was carried out in a custom rig (Figure 5.1). The 
xerogels were placed inside the quartz tube furnace and tested at 75 mol% vapour (5.4 g h–1) and 
550 °C up to 40 h to investigate the effect of hydrothermal exposure on the physicochemical 
properties of the xerogels. Briefly, the temperature of the furnace was controlled by a temperature 
controller and N2 was used as carrier gas at a flow rate of 40 ml min–1. The feed water in the reservoir 
was pressurised by N2. The water flow rate was controlled by a Bronkhorst flow controller and was 
heated to 200 °C in the vaporiser prior to entering the furnace. 
 
Figure 5.1. Illustration of customised hydrothermal test rig (adapted from [29]). 
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5.5.2 Material characterisation 
Nitrogen sorption experiments were carried out on a Micromeritics TriStar 3020 analyser after 
degassing under vacuum on a Micromeritics VacPrep061 at 200 °C for a minimum of 12 h. The 
specific surface areas were calculated from the adsorption isotherms via the multi-points BET model 
at relative pressures of P/Po = 0.05–0.3. Pore size distribution (PSD) of the materials were determined 
by density functional theory (DFT) using the adsorption branch of N2 sorption with a regularisation 
factor of 0.40. Solid-state NMR was carried out on the Avance III spectrometer (Bruker), operating 
at 59.627 MHz for 29Si. The samples were placed in the 4 mm zirconium rotor and rotated at magic 
angle with 7 kHz frequency and the spectra were recorded using SP-hpdec technique (single pulse 
with high power proton decoupling). Fourier transform infra-red (FTIR) spectra were recorded with 
a Shimadzu IRAffinity-1 with a Pike MIRacle diamond attenuated total reflectance (ATR) attachment. 
Spectra were taken over a wavenumber range of 1400–600 cm–1, which is the range of interest for 
silica and cobalt oxides. Micro-Raman spectra were acquired using a Nicolet Almega XR dispersive 
Raman spectrometer coupled to an Olympus microscope using a He:Ne laser (633 nm) over 2000–70 
cm–1. XPS spectra were conducted using a Kratos Axis ULTRA XPS incorporating a 165 mm 
hemispherical electron energy analyser. The incident radiation was Al Kα X-rays (1486.6 eV) at 45° 
to the sample surface with a monochromator. The high resolution scans of Co 2p were taken with 0.1 
eV steps and 250 ms dwell time at pass energy of 20 eV. The curve fitting was conducted by CasaXPS 
software (Version 2.3.14). The spectra were calibrated by using adventitious carbon at 284.6 eV as a 
reference. Diffusive reflection UV-vis spectroscopy of the xerogel samples were collected on a 
Varian spectrophotometer equipped with an integrating sphere from 400–800 nm.  
5.5.3 Membrane preparation and testing 
Membrane layers were coated on α-alumina tube (5 mm i.d., 10mm o.d., 100 mm length). In order to 
improve the mechanical strength and reduce the pore size, the tubes were pre-calcined at 1350 °C for 
2.5 h with a ramp rate of 5 °C min–1. In order to reduce the roughness and pore size of the alumina 
support, two intermediate layers were deposited on the tube surface using α-alumina particles of 50 
nm in diameter. Each interlayer was calcined separately after dip coating at 630 °C at the same 
conditions as the alumina substrate. Two membranes were prepared from the sols listed in Table 5.1. 
Each layer was dip-coated using a dip-coater with a dwell time of 1 min and a withdrawal rate of 10 
cm min–1. The membranes were calcined in air atmosphere at 630 °C in a temperature controlled 
furnace, with a hold time of 2.5 h and a ramp rate of 1 °C min–1.  The dip-coating and calcination 
procedure were repeated six times to reduce the probability of thin film defects.  
Single gas permeation tests were conducted in a custom-made rig described elsewhere in detail [30]. 
The membrane was placed in the module and heated up to 500 °C under vacuum and subsequently 
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tested for single gas permeance for He, H2, CO2 and N2 from 500 °C to 100 °C using a temperature 
controlled furnace with an external PID controller. The permeate stream was kept under vacuum and 
the feed pressure was controlled at 200 kPa, measured by a MKS pressure transducer. After single 
gas testing, the membranes were then hydrothermally exposed using the same experimental procedure 
as described above for xerogels, followed by the single gas permeance testing again to investigate the 
effect of hydrothermal treatment on the membrane performance and stability.  
5.6 Results and discussion 
5.6.1 Xerogel characterisation 
Xerogels before and after hydrothermal treatment at 550 °C with 75 mol% vapour for up to 40 h were 
studied to investigate the effect of vapour on the physical and chemical structure associated with the 
cobalt doped silica matrix. N2 sorption isotherms of both samples as a function of hydrothermal 
exposure time are shown in Figure 5.2a. The isotherms of the xerogels before treatment were both of 
type I, characteristic of typical microporous materials. Upon hydrothermal exposure, Co2+Si xerogels 
showed significant losses of adsorbed volume indicating matrix densification. Regardless of 
hydrothermal exposure time, the saturation pressure of Co3+Si (P/Po=0.3) was always higher than 
Co2+Si (P/Po=0.1), suggesting that Co3+Si had a larger pore size and volume than Co2+Si. These 
results clearly indicate the significantly improved hydrothermal stability of Co3+Si compared with 
Co2+Si, as it maintained the type I profile after the hydrothermal exposure.  
 
Figure 5.2: (a) N2 adsorption (lines) and desorption (symbols) isotherms of xerogels as a function of 
hydrothermal exposure time: (1) 0 h, (2) 10 h, (3) 20 h and (4) 40 h; (b) total pore volume and BET 
surface area of xerogels with increasing hydrothermal exposure time.  
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To quantitatively evaluate the densification, Figure 5.2b shows the effect of hydrothermal exposure 
on the total pore volume and surface areas of the xerogels as a function of time. The total pore volume 
of the Co3+Si sample decreased from 0.20 to 0.12 cm3 g–1 after the steam exposure, while that of the 
Co2+Si sample suffered full densification as pore volumes collapsed from 0.14 to 0.00 cm3 g–1. It is 
clear that Co3+Si was much more hydrothermally stable than Co2+Si. The former exhibited a reduction 
of 28 % of its initial specific surface area (374 m2 g–1) within the first 10 h exposure. From there on, 
the specific surface area reduction was marginal (9 %) when the exposure time increased from 10 h 
to 40 h, suggesting that a metastable state of the cobalt silica matrix was being reached. It is interesting 
to observe that the specific surface area reduction of Co2+Si was 83 % in the first 10 h, decreasing 
from 269 m2 g–1 to 47 m2 g–1, and became dense to N2 after 40 h exposure. It is worthwhile noting 
that the hydrothermal stability of the xerogels was not directly related to the initial cobalt 
concentration, as both xerogels had the same cobalt to silica molar ratio (Co/Si=0.1).  
The pore size distributions (PSD) of Co3+Si and Co2+Si samples obtained from the density functional 
theory (DFT) with regards to the hydrothermal exposure time are presented in supplementary 
information, Figure 5.S1a and S1b, respectively. Both samples resulted in a trimodal pore size 
distribution whilst Co3+Si sample showed the majority of pore sizes centred at ~2 nm. The Co2+Si 
sample gave a lower proportion of equivalent pore sizes than Co3+Si sample. Loss of pore volumes 
was observed after the hydrothermal exposure for both samples due to the densification of the silica 
network. However, the PSD was only slightly shifted to smaller pore sizes for Co3+Si with a 
proportional decrease in pore volume. On the contrary, the Co2+Si sample was completely dense to 
N2 after the 40 h steam exposure. 
The degree of condensation of the silica network was characterised by cross-polarisation magic-
angle-spining (CP/MAS) solid-state 29Si NMR as shown in Figure 5.S2. The spectra were 
deconvoluted to show the typical Qn (n=0~4) species of the SiO4 [31]. The chemical shifts ranging 
from -90 ppm to -120 ppm were assigned to geminated silanols (Q2) [Si(OSi)2(OH)2], isolated silanols 
(Q3) [Si(OSi)3(OH)] and siloxane bridges (Q4) [Si(OSi)4], respectively. Both xerogels had high degree 
of condensation, evidenced by the high concentration of Q4 species (> 90 %). It is widely accepted 
that the instability of silica is due to the hydrophilic silanol groups on the silica surface [10]. 
Nevertheless, Co3+Si was much more stable than Co2+Si described in Figure 5.2. Hence, the 
improvement of hydrothermal stability of Co3+Si cannot be directly related to the relative low silanol 
population. 
FTIR and Raman spectroscopy were conducted to investigate the chemical structure of as-synthesised 
xerogels and the same xerogels after 40 h hydrothermal exposure, as shown in Figure 5.3. Firstly, all 
FTIR spectra exhibited typical silica structures. Bands near 800, 1080 and 1220 cm–1 attributed to the 
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vibrations of siloxane groups (Si–O–Si) and at ~950 cm–1 to Si–OH [32]. The peak at around 670 cm–
1 was characteristic of the vibrational stretching modes of Co (III)–O bonds (e.g. Co3+) in cobalt 
tetroxide (Co3O4) [24, 33]. For the as-synthesised xerogels, Co3O4 was only found in Co3+Si and was 
not observed in Co2+Si. More importantly, cobalt silicate species at ~860 cm–1 were not observed, 
indicating the cobalt in all samples may not interact with the silica network to form silicates because 
of the acidic synthesis conditions. The spectra of hydrothermal treated xerogels were similar to their 
original as-synthesised spectra. Regarding the Raman analysis, a broad emission at ~1400 cm–1 in 
Figure 5.3b was observed in all xerogels, which may be due to the fluorescence caused by cobalt ions 
coordinated with silica network. This broad emission was not observed in pure silica [34]. For as-
synthesised and 40 h treated Co3+Si, intense peaks observed at 190 cm–1, 480cm–1 and 690 cm–1 were 
attributed to A1g, Eg and F2g vibrational modes of Co3O4 [35], which is consistent with the FTIR 
results. On the other hand, no cobalt species were detected in Co2+Si before or after the hydrothermal 
exposure. These results strongly suggest that the improved hydrothermal stability of cobalt silica 
xerogels was not directly determined by the cobalt loading, but it correlated well with the presence 
of Co3O4 in the silica matrix. 
 
Figure 5.3: (a) FTIR and (b) Raman spectra of calcined and hydrothermally treated xerogels: 1. 
Co3+Si; 2.Co3+Si (HT); 3. Co2+Si and 4. Co2+Si (HT). 
 
 XPS analysis was carried out to confirm the existence of cobalt and provide further evidence of 
cobalt oxidation states in the matrix as shown in Figure 5.4. The spectra confirmed the existence of 
cobalt species in all xerogels. In the spectrum of Co3+Si, two main peaks of Co3O4 at 779.6 and 781.3 
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eV were observed, which belong to Co3+ and Co2+ oxidation states [36], respectively. The broad peak 
at around 787.5 eV was assigned to the shake-up satellite of Co2+ due to the multiple electron 
excitations. The ratio of Co3+/Co2+ calculated from XPS was 0.93 suggesting the coexistence of Co3O4 
(expected Co3+/Co2+ ratio = 2) and other Co2+ phases in Co3+Si. For Co2+Si, the Co3+ peak at 779.6 
eV was not present and only the Co2+ peak at 781.5 eV was observed, confirming the absence of 
Co3O4, which agreed well with FTIR and Raman spectra results. The hydrothermal exposure did not 
change the spectra profiles significantly. By comparing the fitting curves, the difference of peak 
positions and area ratios between hydrothermal treated xerogels and as-synthesised xerogels was 
marginal, indicating that the cobalt phases in both xerogels were stable. No cobalt phase transition 
was observed, although Co3+Si and Co2+Si had different cobalt species in the matrix.  
 
Figure 5.4:Co 2p3/2 spectra of: Co3+Si and Co2+Si before and after hydrothermal treatment (HT). 
 
The cobalt structure in the xerogels was further investigated by diffuse reflectance UV-visible (DR-
UV/Vis) spectroscopy and Figure 5.5 shows the visible spectra of both samples. Co3+Si xerogel was 
black, and a strong absorption was found in the visible light range which is characteristic of Co3O4 
and corroborates with the FTIR and Raman results discussed previously. On the other hand, Co2+Si 
was blue and major peaks at 524, 584 and 650 nm attributed to the 4A2 (F) → 4T1 (P) transition of 
Co2+ in a tetrahedral environment (Td) were observed. The tetrahedral environment is assumed to be 
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[CoO4] and/or [Co(OH)4] where the ligands originate from the silanol and/or siloxane groups of silica 
matrix [37-38]. 
 
Figure 5.5: Diffuse reflectance UV-visible spectra of xerogels. 
 
5.6.2 Membrane performance and hydrothermal stability 
To establish the correlation between the xerogel properties and resulting membrane performance, 
single gas permeation tests of the as-synthesised and hydrothermal treated membranes were carried 
out and the results are shown in Figure 5.6. In general, both as-synthesised membranes showed a 
similar molecular sieving behaviour associated with temperature dependent transport which is 
commonly observed in microporous silica membranes. For the as-synthesised Co3+Si membrane 
(Figure 5.6a), the permeance for He increased from 1.37 × 10–7 at 100 °C to 2.48 × 10–7 mol m–2 s–1 
Pa–1 at 500 °C, while N2 permeance decreased from 6.11 × 10–9  at 100 °C to 4.94 × 10–9 mol m–2 s–1 
Pa–1 at 500 °C. Similar results are also found for as-synthesised Co2+Si membrane (Figure 5.6c). This 
indicates that the membrane transport follows an activated diffusion mechanism. It also signifies that 
the membranes are of high quality without pin-holes or micro-cracks, which would otherwise 
contribute to viscous flow and Knudsen diffusion and a decreasing gas permeance with temperature. 
The decreasing CO2 and N2 permeances are attributed to the heat of sorption onto the silica surface 
being larger than the energy of diffusion through the pores at lower temperatures. At high 
temperatures, adsorption is negligible, and the diffusion of these gas molecules through pores smaller 
than their kinetic diameters is restricted. Therefore, the CO2 and N2 permeances decrease with 
temperature.  
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After 40 h hydrothermal exposure at 75 mol% vapour and 550 °C, the Co3+Si membrane maintained 
the molecular sieving properties (Figure 5.6b) although a decrease in permeance of all gases was 
measured. For instance, He and N2 permeance reduced to 1.04 × 10–7 and 2.72 × 10–9 mol m–2 s–1 Pa–
1 at 500 °C, respectively. In the case of the Co3+Si membrane, the reduction in the permeance of the 
gases with smaller molecular sizes (He and H2) correlates well with the closure of small pores. These 
results show opposite trends in the case of the Co2+Si membrane. The closure of the smaller pores 
was also accompanied by the opening of the larger pores as the permeance of larger gases (CO2 and 
N2) increased. The losses of pore volume as seen in Figure 5.2 are counter acted by the enlargement 
of the large pores. Consequently the H2 and He permeance did not decrease as much as would be 
predicted from the nitrogen sorption studies alone. 
 
Figure 5.6: Single gas permeance of membranes: Co3+Si (a) before and (b) after hydrothermal 
treatment; Co2+Si (c) before and (d) after hydrothermal treatment. 
 
The hydrothermal effect on the membrane performance was further analysed by calculating the gas 
permselectivities as depicted in Figure 5.7. The He/CO2 and He/N2 permselectivities of Co3+Si 
membrane increased as a function of temperature from 10 to 36 and 23 to 50, respectively. Co2+Si 
membrane showed very similar trends increasing from 12 to 40 and 15 to 41. The hydrothermal 
exposure had different effects on these two membranes. For the hydrothermally treated Co3+Si 
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membrane, the He/CO2 selectivity increased to 44 and the He/N2 selectivity slightly decreased to 39 
at 500 °C. In contrast, the separation performance of the hydrothermally treated Co2+Si membrane 
was observed to be slightly higher than the ideal Knudsen selectivity across the temperature range, 
losing the gas separation properties of the membrane. The membrane stability agreed well with the 
xerogels properties (Figure 5.2 and Figure 5.S1). Although both membranes were affected by the 
hydrothermal treatment, the trade-off between permeation and selectivity was more favourable to the 
Co3+Si membrane, which showed superior structural integrity after hydro-thermal exposure. 
 
Figure 5.7: Permselectivity of membranes: (a) Co3+Si before and after hydrothermal treatment (HT), 
and (b) Co2+Si before and after HT  
 
Apparent activation energies (Eact) were calculated from the Arrhenius plot (Figure 5. S3) and it 
showed linear trends. The Eact listed in Table 5.2 for gas permeance of both membranes before 
hydrothermal treatment show similar trends, indicating a very similar pore structure of both materials. 
The increase of Eact for He and H2 permeance after hydrothermal treatment is essentially attributed to 
an increase in the resistance for the diffusion of these small molecular gases, thus suggesting the small 
pore sizes became even smaller due to the hydrothermal treatment. The reduction of Eact for the 
permeance of the larger molecular gases CO2 and N2 is attributed to pore size enlargement. The only 
difference in these trends is the Eact for H2 permeance for Co2+Si membrane which reduced to almost 
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zero. In the case of this membrane, H2 permeation shifted from small pores (<3 Å) before 
hydrothermal treatment due to positive (Eact) to slightly larger pores as the Eact became almost neutral. 
These results are substantiated by the significant reduction in gas selectivity in Figure 5.7b. 
Table 5.2: Apparent activation energies (R2 > 0.98) of membranes (Unit：kJ mol–1) 
 Co3+Si Co2+Si 
 Before HT After HT Before HT After HT 
He 3.6 9.5 4.7 5.3 
H2 4.1 8.5 4.9 0.2 
CO2 -4.5 -3.4 -2.9 -3.1 
N2 -1.4 -3.1 -1.4 -2.0 
 
The XPS results in Figure 5.4 provides unequivocal evidence of the presence of Co3+ valence in the 
Co3+Si material which correlates well with superior hydrothermal structural stability (Figure 5.2) and 
membrane gas selectivity performance. Contrary to these results, only the Co2+ was observed by XPS 
in the Co2+Si sample which was attributed to tetrahedral Co2+ coordination compound by UV-vis 
(Figure 5.5), which proved to be hydrothermal unstable. Therefore, the performance testing in terms 
of physiochemical characterisation and membrane performance strongly suggest that the 
hydrothermal stability of the silica network can be dramatically improved by the presence of Co3O4.  
In addition, this work shows that structural hydrothermal stability can be tailored by the sol–gel 
conditions as excess water (in the Co3+Si synthesis) favoured the formation of Co3O4. Based on these 
outcomes, a structure model is proposed, depicted schematically in Figure 5.8. In the case of the 
Co3+Si (Figure 5.8a), both Co3O4 and tetrahedral coordinated Co2+ phases co-existed in the silica 
matrix. The Co3O4 within the Co3+Si sample does appear to phase separate, crystallising into Co3O4 
inclusions within the silica matrix. With the Co2+ sample no crystallisation was observed, however, 
cobalt-rich clusters were observed via TEM as reported previously [29]. While no XRD patterns were 
observed from this material, the XPS and UV-vis DRS results implicated that the cobalt was present 
in the 2+ oxidation state with a tetrahedral coordination. This is attributed to the cobalt coordinating 
with the oxygen lone pairs of the silica structure’s silanol and siloxane groups. These groups are 
readily available throughout the silica matrix, especially within the porous domains, providing ample 
sites to form cobalt-rich clusters with short-range order. Whilst not phase separated, these cobalt-rich 
clusters are segregated and interspersed throughout the silica matrix.  
Co3O4 nanoparticles played a vital role in improving the hydrothermal stability of the silica matrix, 
and prevented strained silanol groups becoming mobile. This work clearly shows for the first time 
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that the tetrahedral coordinated Co2+ phase structure is less hydrothermally stable. Although both 
materials had a high concentration of siloxane bridges as evidence by 29Si NMR (Figure 5.S2), Co2+ 
tetrahedral coordination proved to be too weak to prevent hydrolytic attack. The kinetic effect of the 
hydrolytic effect was fast, leading to the significant pore volume reduction (Figure 5.2b) in 10 h under 
the harsh testing conditions of 75 mol% water vapour and 550 °C. The structural changes resulting 
from the hydrolytic attack are further observed by the permeation results (Figure 5.7b) and Eact results 
in Table 5.2, clearly indicating closure of small pores and enlargement of large pores.  
 
Figure 5.8: Schematic structure of (a) Co3+Si and (b) Co2+Si 
 
5.7 Conclusions 
This work shows for the first time that the hydrothermal stability of metal oxide silica membranes 
depends upon the metal oxide phase embedded in the silica matrix. This is the case for cobalt oxide 
silica xerogels and membranes with the same cobalt loading (Co/Si=0.1) and the same ratio of silanols 
to siloxane bridges. The silica samples containing a high content of Co3O4 was able to retain their 
structural integrity, only losing 37 % of surface area after harsh hydrothermal exposures of 75 mol% 
vapour at 550 °C for up to 40 h, whereafter a metastable state was reached. By the same token, the 
samples containing only Co2+ tetrahedrally coordinated in silica became unstable and dense after 
exposure to the same harsh conditions. Similar correlations were observed with the performance of 
membranes. The as-synthesised membranes Co3+Si (Co3O4) and Co2+Si (Co2+ tetrahedral 
coordination only) delivered similar He permeance (2.48 × 10–7 and 2.85 × 10–7 mol m–2 s–1 Pa–1) with 
a He/N2 permselectivities of 50 and 41 at 500 °C, respectively. However, the He/N2 permselectivity 
of the Co3+Si membrane slightly decreased to 39 at 500 °C, maintaining its molecular sieving property, 
while the Co2+Si membrane significantly decreased to only 11 at 500 °C. Hydrolytic attack was severe 
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in the Co2+Si membrane, contrary to the Co3O4 rich Co3+Si silica membrane which opposed 
hydrothermally induced structural degradation.  
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Figure 5.S1: The pore size distribution of (a) Co3+Si and (b) Co2+Si as a function of hydrothermal 
exposure time. 
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Figure 5.S2:  29Si NMR spectra of the calcined xerogels. 
 
 
Figure 5. S3: Arrhenius plot of: (a) Co3+Si and (b) Co2+Si membranes before and after hydrothermal 
treatment (HT). 
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6 Binary gas mixture and hydrothermal stability investigation of cobalt silica 
membranes 
 
6.1 Introduction 
Single gas permeation test is widely reported in the literature to evaluate microporous silica 
membrane’s separation performance. However, it is not practical for industrial gas mixture separation.  
In this chapter, the influence of hydrothermal exposure on the separation performance of sol–gel 
derived cobalt oxide silica membrane for both single gases (He, H2, CO2 and N2) and binary gas 
mixtures (He/CO2) was investigated. The aim of this chapter was to assess the hydrothermal stability 
and gas mixture separation performance of the membrane, which was more close to industrial 
applications. 
 
6.2 Contributions 
Chapter 6 has been published in the Journal of membrane science. This chapter is wholly my own 
work with the exception of the contributions by Prof. João C. Diniz da Costa, Dr Simon Smart, Dr 
David Wang and Dr Dana Lee Martens in the advisory capacity. 
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6.3 Abstract 
This work investigates the influence of hydrothermal exposure on the separation performance of sol–
gel derived cobalt oxide silica membranes for both single gases (He, H2, CO2 and N2) and binary gas 
mixtures (He/CO2). The surface area of the materials slightly decreased after exposed to 25 mol% 
water vapour at 550 °C for 100 h. The membranes complied with activation transport mechanism 
before and after hydrothermal treatment (HT), and for both single gas and gas mixture permeation. 
Best values were achieved for He permeance of 3.3 ×10– 7 mol m– 2 s– 1 Pa– 1 at 500 °C and 
permselectivity of 479 for He/CO2. After HT, the permeance of He and H2 decreased by 28% and 22% 
at 500 °C, respectively, while the permeance of CO2 increased and resulting in a lower He/CO2 
permselectivity of 190. For gas mixtures, the He purity in the permeate side increased from 62% to 
97%  at 200 °C when the He feed molar concentration increased from 10% to 50% before HT. The 
He permeance remained unchanged with respect to He feed concentrations and was unaffected by the 
presence of CO2, although a reduction of He permeance was observed after HT exposure. The He 
purity in the permeate side was similar before and after HT exposure as a function of the He 
concentration in the feed side. Hence, the membrane matrix underwent densification though the 
overall pore size distribution did not broaden after hydrothermal treatment. 
Keywords: cobalt silica membranes; gas mixture; gas separation; hydrothermal stability. 
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6.4 Introduction 
Owing to their intrinsic molecular sieving properties and thermal stability, microporous silica 
membranes have attracted the concerted effort of the research community, particularly for high 
temperature gas separation. Silica derived membranes have proved to be stable for over 2000 h 
operating at 500 ºC [1] using dry gas mixtures, as well as for H2/CO2 separation [2, 3], 
dehydrogenation of propane [4-6] and cyclohexane [7, 8], and H2 separation from syngas generated 
in the water gas shift reaction [9, 10] among several examples. Although pure silica has excellent 
thermal and chemical stability, they are hydrothermally unstable in the presence of steam [11, 12], 
which is a major issue for the deployment of silica membranes for industrial applications involving 
wet gas separation. To address this problem, metal oxide silica membranes have been investigated to 
improve performance and hydrothermal stability. In this subset of silica membranes, a wide range of 
metal/metal oxides have been incorporated into silica including alumina [13], titania [14], cobalt [15, 
16], niobia [17-19], nickel [20-22] and binary metals such as PdCo [23] and FeCo [24].  
Cobalt oxide silica membranes have spearheaded the development of hydrothermally stable silica 
membranes. Uhlmann et al. [25] reported that a cobalt tetroxide silica material was much more stable 
than a cobalt (i.e. reduced metal) silica material, indicating that the cobalt phase is critical to the final 
membrane performance.  Recently, the hydrothermal stability of cobalt oxide silica materials was 
shown to be dependent upon the cobalt phase embedded in the silica films. For instance, cobalt oxide 
silica xerogels were more hydrostable for Co3+ coordination (as in Co3O4) whilst Co2+ coordination 
led to unstable structures when exposed to steam [26]. Novel work in this area is now focusing on 
tailoring the cobalt phase using the halide groups of surfactants [27, 28] or by sol–gel conditioning 
[26].  
Generally, a significant amount of literature work has been reported for single gas permeation tests 
as a starting point. This allows the membrane engineers to calculate the size of unit operations using 
gas permeances (mol m– 2 s– 1 Pa– 1) as a production factor and the permselectivity as a quality factor. 
High performance silica derived membranes are dependent on the substrate quality, microporous film 
textural properties, geometries and testing procedures. As a rule, H2 permeance in the order of 10– 8 
~10– 6 mol m– 2 s– 1 Pa– 1 with a H2/CO2 (N2) permselectivity ranged from <100 to <5000 have been 
reported [29-32]. For example, a cobalt oxide silica membrane showed a H2 permeance of 1.8×10– 7 
mol m– 2 s– 1 Pa– 1 with  H2/N2 values of ~730 at 500 °C [31], whilst a niobia silica membrane delivered 
3.8×10– 8 mol m– 2 s– 1 Pa– 1 (H2) and 22 (H2/CO2) at 200 °C [33]. Single gas permeation is an easy 
and rapid way to carry out experimental work and to provide fundamental understanding of the 
performance of membranes, but the results cannot be directly applied to real industrial separation 
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processes due to gas flow effects and changes in driving force [34], and competitive sorption [35] 
among other reasons. As a consequence, membrane engineers require gas mixture results in order to 
gain important information on how the membranes would perform in industrial deployment. In 
industrial applications, the permeate gas purity and flow rate (or flux) are most of interest. It has been 
reported that both purity and flow rate [36], which translate into membrane production rate and 
product specification, can be controlled by temperature and feed partial pressure for H2/CO2 
separation.  
Despite the industrial requirements for processing gases, there is only a limited number of reports for 
gas mixture separation using microporous silica-based membranes, and none of these reports have 
considered membranes exposed to harsh steam conditions. Therefore, this work investigates the 
performance of cobalt silica membranes for gas mixtures at high temperatures before and after 
exposing the membranes to 25 mol% water vapour at 550 °C for up to 100 h. To this end, permeation 
testing was initially carried out for single gases (He, H2, CO2 and N2) and binary gas mixture of 
He/CO2 with different He feed concentrations (10, 30, 50, 70 and 90%) at temperatures between 200 
and 500 °C. Subsequent to exposing the membranes to harsh steam condition, single and binary gas 
mixture permeation tests of the hydrothermally treated membrane were again carried out following 
the same protocol to investigate the influence of harsh hydrothermal exposure on the membrane 
performance. The textural and chemical properties of membrane material were characterised by N2 
sorption and FTIR spectroscopy, along with the SEM examination into membrane morphology.  
6.5 Experimental 
6.5.1 Sol–gel synthesis and characterisation 
Cobalt oxide silica xerogels were synthesised from a sol–gel method as described elsewhere for the 
preparation of hydrothermal stable silica structures [37]. Briefly, cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O, 98 %, Sigma-Aldrich) was dissolved in a solution of ethanol, double distilled water 
and nitric acid under constantly stirring. Then the mixture was cooled down to 0 °C using an ice bath. 
Tetraethoxysilane (TEOS, 99 %, Sigma-Aldrich) was added drop-wise and stirred for 3 h to achieve 
a final sol with the molar ratio of EtOH: H2O: TEOS: Co(NO3)2·6H2O: HNO3=255: 80: 4: 1: 0.34.  
The sol was dried in a temperature controlled oven at 60 °C for 96 h. The dried gel was then calcined 
in an air atmosphere in a furnace at 630 °C for 2.5 h with heating/cooling rates of 1 °C min– 1 to 
produce the xerogel samples. From hereafter, the sample is named as cobalt oxide silica (CoSi). 
Nitrogen sorption was carried out on a Micromeritics TriStar 3020 analyser after degassing under 
vacuum on a Micromeritics VacPrep061 at 200 °C for a minimum of 12 h. The specific surface areas 
 103 
 
were calculated from the adsorption isotherms via the multi-points BET model at relative pressures 
of p/po = 0.05–0.3. Single point pore volume was calculated at p/po = 0.96. Fourier transform infra-
red (FTIR) spectra were recorded with a Shimadzu IRAffinity-1 instrument with a Pike MIRacle 
diamond attenuated total reflectance (ATR) attachment. Spectra were taken over a wavenumber range 
of 1400–600 cm– 1. 
The calcined xerogels were exposed to 25 mol% vapour at 550 °C up to 100 h in a customised rig 
[37] to investigate the hydrothermal stability of the material. Briefly, the sample was placed inside a 
quartz tube furnace with an external temperature controller. N2 was used as carrier gas at a flow rate 
of 40 ml min– 1. The water flow rate was controlled by a Bronkhorst flow controller and was heated 
to 200 °C in a vaporiser prior to entering the furnace. 
6.5.2 Membrane preparation, characterisation and permeation test 
The thin film cobalt oxide silica sol was coated on a tubular alumina support (10 mm i.d., 14 mm o.d., 
80 mm length)  consisting of α–alumina substrate, α– and γ–alumina interlayers with thickness of ~3 
and ~30µm, respectively, purchased from the Energy Research Centre of the Netherlands (ECN). 
Each layer was coated on the outer shell of the tubular support with the as-synthesised sol using a 
dip-coater with a dwell time of 1 min and immersion/withdrawal rate of 10 cm min– 1. After the 
coating of each layer, the membrane was calcined at 630 °C for 2.5 h with a ramping rate of 1 °C 
min– 1 for both heating and cooling cycles. The whole coating‒calcination process was repeated four 
times to achieve the final CoSi membrane. 
The gas permeation tests were carried out in a customised rig as shown in Figure 6.1. The 
transmembrane pressure was controlled at 500 kPa and the permeate side was under atmospheric 
pressure for both single gas and gas mixtures.  For single gas test, the valve at retentate side was 
closed, similar to a dead-end set up. The permeate flow rate (ml s– 1) of He, H2, CO2 and N2 in the 
temperature range of 100–500 °C was measured by a bubble flow meter and it was converted to 
permeance (mol m– 2 s– 1 Pa– 1). He/CO2 mixture of various He molar fractions (10, 30, 50, 70 and 
90 %) was used for gas mixture separation from 200 to 500 °C. For gas mixture separation, the back 
pressure valve at retentate side used to control the total pressure in the membrane module. The feed 
concentration, retentate concentration and He purity at the permeate side were analysed in a Shimadzu 
GC-2014 with two columns (Porapak Q and Restek Molesieve) and FID and TCD detectors.  N2 was 
used as carrier gas and the flow rate was 10 ml min– 1. The temperature of the column, TCD and FID 
detector was set to 140, 140 and 380 °C. The GC was calibrated by using a He/CO2 mixture with 
different concentrations ranged from 0-100% before experimental measurement. The calibration error 
was less than ±2%. 
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After the gas permeation tests, the membrane was exposed to 25 mol% vapour at 550 °C for 100 h 
using the same methodology as described for the xerogels above.  Then the membrane was tested 
again for both single gas and gas mixture permeance to investigate the influence of hydrothermal 
exposure on the membrane performance. The membrane morphology after the hydrothermal exposure 
and testing was examined using a FESEM Jeol-7001 field emission scanning electron microscope 
with an electron gun at an accelerating voltage of 10 kV. 
P
Gas inlet
Furnace Membrane module
Membrane
Bubble flow meter
Pressure gauge
Retentate
Feed
Permeate
 
Figure 6.1: Gas permeation rig. 
6.6 Results and discussion 
 
Figure 6.2: The SEM image of the membrane after HT.  
 
The membrane morphology after the hydrothermal treatment (HT) was investigated by SEM, as 
depicted in Figure 6.2. The membrane consisted of a support containing large α-alumina particles, 
interlayers of smaller α-alumina particles and γ-alumina particles. The thin top layer had an average 
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thickness of ~30 nm and it conferred the highest resistance to gas transport. The membrane top layer 
showed no visible defects after exposed to a harsh hydrothermal condition of 25 mol% steam in N2 
at 550 ºC for 100 h. These results strongly suggest that the cobalt oxide silica films were 
hydrothermally stable under this harsh testing condition, and their integrity was maintained. 
The influence of hydrothermal treatment (HT) on the membrane material stability in terms of surface 
area and pore volume was assessed by using N2 sorption techniques on the xerogel samples. As 
displayed in Figure 6.3, the isotherms of the as-synthesised CoSi sample and the HT samples show a 
strong adsorption at low relative pressures (p/po<0.3) followed by saturation, which is characteristic 
of a Type I microporous material. However, after 50 and 100 h of steam exposure, a small reduction 
in the volume adsorbed was observed. Noticeably, the materials showed indifference in the specific 
surface area and pore volume (Figure 6.3b) upon a further 50 h exposure, suggesting a metastable 
state has been achieved after hydrothermal exposure. Overall, the surface area decreased from 283 to 
249 m2 g– 1 after 100 h exposure, which is only a 12% reduction, and in good agreement with our 
previous study [37].  
 
Figure 6.3:(a) N2 sorption isotherms and (b) BET surface area and pore volume of CoSi xerogel as a 
function of hydrothermal exposure time.  
 
The influence of the hydrothermal treatment (HT) on the chemical structures of the material was 
investigated by FTIR spectroscopy. Figure 6.4 shows the FTIR spectra of the CoSi xerogels as-
synthesised and after HT.  All samples exhibited typical cobalt oxide silica structures. Vibrational 
peaks seen at ~800, 1050 and 1220 cm– 1 are attributed to different vibration modes of siloxane (Si-
O-Si) bridges [38] and at ~950 cm– 1 to silanol (Si-OH) groups [39]. The peak at ~660 cm– 1 is assigned 
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to the vibration modes of Co(III)-O bonds of Co3O4 [40, 41].  It is clear that the hydrothermal exposure 
did not affect the chemical composition and structure of CoSi samples significantly. This may be 
related to the fact that the presence of Co3O4 can confer an improved hydrothermal stability of the 
silica materials by inhibiting the hydrolysis and condensation reaction of the silica in the pore walls 
[37]. 
 
Figure 6.4: FTIR spectra of the CoSi xerogel as a function of hydrothermal exposure time. 
 
Single gas permeation tests were carried out to investigate the membrane performance before and 
after the hydrothermal treatement and the permeances of He (kinetic diameter of 2.60 Å), H2 (2.89 
Å), CO2 (3.3 Å) and N2 (3.64 Å). Figure 6.5 shows that the as-synthesised membrane complied with 
temperature-dependent activated transport, which is characteristic of molecular sieving and is 
commonly reported for microporous silica based membranes [42]. The permeance of He increased 
from 1.1×10– 7 to 3.3 ×10– 7 mol m– 2 s– 1 Pa– 1 as the temperature was raised from 100 and 500 °C, 
whilst the permeance of  CO2 decreased from 1.9×10– 9 to 6.8 ×10– 10 mol m– 2 s– 1 Pa– 1 at the same 
given temperatures.  After HT, the membrane maintained a similar molecular sieving behaviour, 
although the permeance of gases with the smaller kinetic diameters (He and H2) decreased the larger 
kinetic diameters gases (CO2 and N2) increased. For instance, the permeance of He and H2 decreased 
by 28% and 22%, whereas the permeance of CO2 increased by 18% at 500 °C. Although it is clear 
that the single gas separation performance was affected by the hydrothermal exposure, it is 
worthwhile noting that the reductions of permeance of He and H2 gases in this work are relatively 
lower than those reported for pure silica membranes when exposed to steam. For examples, the H2 
permeance reduction was 87% for a chemical vapor deposition (CVD) derived silica membrane when 
 107 
 
it was exposed to 16 mol% vapour at 600 °C for 100 h [13] and 80% for a sol–gel derived silica 
membrane when it was exposed to 14 mol% vapour at 200 °C for 70 h [17]. Hence, cobalt oxide silica 
membrane in this work had much higher resistance to hydrothermal densification, which agreed well 
with the N2 sorption results (Figure 6.3).  
 
Figure 6.5: Single gas permeance (±8%) of the membrane as a function of temperature: (a) before 
and (b) after HT. 
 
Figure 6.6:  Permselectivity of the membrane as a function of temperature:  (a) before and (b) after 
HT. 
 
The performance of the membrane was further highlighted by calculating the permselectivities of 
He/CO2 and H2/CO2 as shown in Figure 6.6. The permselectivity was also temperature dependent. It 
is obvious that the influence of temperatures on the permselectivity is more significant for the as-
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synthesised membrane compared to the HT membrane, evidenced by the slope differences. The 
permselectivities of H2/CO2 and He/CO2 increased from 8 and 57 at 100 °C to 220 and 479 at 500 °C, 
respectively, for the as-synthesised membrane (Figure 6.6a). After HT exposure, lower increases in 
H2/CO2 and He/CO2 permselectivities were observed, from 8 and 36 at 100 °C to 134 and 190 at 
500 °C, respectively. This represents a loss of H2/CO2 and He/CO2 permselectivities with increasing 
temperatures of 40 and 60% respectively as measured at 500 °C. However, it is noteworthy that 
He/CO2 values remained high (>100) at temperatures in excess of 200 °C. The reduction in 
permselectivity is attributed to (i) the slight pore widening effect after HT as evidenced by the increase 
in permeance for CO2 and N2 in Figure 6.5b, and (ii) by the closure of small pores due to the decrease 
in the permeation of the gases with the smaller kinetic diameters He and H2 (Figure 6.5b). Therefore, 
the combined HT effect of pore changes was more pronounced in terms of permselectivity rather than 
permeance of gases, as permeselectivity is the ratio of gas permeance. 
The apparent activation energy (Eact) was calculated from an Arrhenius plot of the permeance versus 
temperature data, as shown in Table 6.1. The positive values for He and H2 and negative values for 
CO2 and N2 were associated with activated transport behaviour [17, 43].  The Eact for H2 permeance 
was much higher than that for He permeance. This is attributed to the larger kinetic diameter of  H2 
(2.89 Å) than He (2.60 Å) [31, 44].  Hence, the H2 molecules need more kinetic energy to overcome 
the potential barrier of small pores than the He molecules.  Furthermore, both CO2 and N2 gave 
negative values, suggesting that there is a percolation pathway in the cobalt silica films large enough 
to allow for the diffusion of these larger molecules. After HT exposure, the Eact of He slightly 
increased indicating a decrease of average pore size for He permeance, which could be associated 
with the densification of the silica network as evidenced by the N2 sorption ( Figure 6.3), as many of 
these very small pores are accessible by the smaller kinetic He molecule only.  However, the Eact of 
H2 slightly decreased thus suggesting a lower energy level for H2 permeation. This is attributed to 
diffusion through slightly larger pores associated with the HT treatment, which is supported by the 
slightly increase in pore size as the permeation of the larger molecular gases N2 and CO2 also 
increased as observed in Figure 6.5b. Nevertheless, it is important to observe that as the permeance 
experimental variation is ±8%, the Eact for H2 permeance falls within this variation. Hence, the 
structural changes in the cobalt silica film for H2 permeance may be very marginal. 
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Table 6.1: Eact of gases calculated from single gas permeance results 
 Eact  (kJ mol– 1) 
before HT 
Eact  (kJ mol– 1) 
after HT 
He 6.7 8.0 
H2 13.8 12.8 
CO2 -6.3 -2.1 
N2 -2.3 -1.5 
 
To further investigate the separation performance of the membranes, permeation tests were carried 
out for He and CO2 binary gas mixtures ranging from 200 to 500 °C before and after the hydrothermal 
treatment. Figure 6.7 shows the He flux at the permeate side as a function of He feed concentrations 
at different temperatures. For the as-synthesised membrane, He flux increased significantly from 
0.018 to 0.118 mol m– 2 s– 1 when He feed concentration increased from 30% to 90% at 500 °C. 
However, this major increase is expected and attributed to the increase of driving force associated 
with the changes of He partial pressure. Another interesting observation is that He flux was 71% of 
the value for single gas when  He feed concentration decreased from 100% to 90%  at all temperature 
ranges, thus strongly implying that the presence of CO2 has an influence on the transport of He. 
Furthermore, the He flux was also temperature dependent at each He concentration, in a similar 
fashion as in single gas permeation results (Figure 6.5). It is worthwhile mentioning that a high feed 
flow rate was used in this work to maintain a relatively constant driving force along the membrane 
length. This parameter is crucial in generating a steady state condition of the binary gas testing to 
reduce any concentration gradient along the membrane module [34]. After HT exposure, the 
membrane showed similar behaviour compared to the as-synthesised membrane, although a slight 
reduction of He flux was observed. It is consistent with single gas permeation results, as the 
membrane had a certain degree of densification after the HT exposure (Figure 6.5). Apart from high 
CO2 retentate concentration of He/CO2 (10/90), CO2 fluxes were generally up to two orders of 
magnitude lower than that of He for He/CO2 > 10/90. CO2 fluxes varied between 0.003 and 0.014 
mol m– 2 s– 1, which are within the experimental error of our setup. 
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Figure 6.7: He flux of the membrane (±8%) at the permeate side as a function of He feed 
concentration:  (a) before and (b) after HT, ΔP=500 kPa. 
 
  
Figure 6.8: He purity of the membrane (±10%) as a He feed concentration:  (a) before and (b) after 
the hydrothermal treatment (HT), ΔP=500 kPa.  
 
Figure 6.8 shows the He purity at the permeate side as a function of He feed concentration.  It 
noteworthy that the membrane was able to concentrate He to 62% at the permeate side when the feed 
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concentration of He was only 10% at 200 °C and significantly increased to 93% at 30% feed 
concentration (Figure 6.8a). Similar results were observed for the membrane after HT exposure 
(Figure 6.8b) and the differences compared with the as-synthesised membrane are minor and within 
experimental error. It is interesting to observe that the temperature effect on the purity of gases is 
marginal only; whilst gas feed concentration becomes more prominent when He feed concentrations 
are below 30%. These results follow similar trends for gas separation in large membranes modules 
[1].  
The feed concentration in turn affects the driving force (partial pressure) for He permeation which 
increased from very small values (~10%), to 73 (~30%), 192 (~ 50%), 304 (~70%) to 435 kPa (~ 
90%) at 200 °C.  The increase in the driving force translated into higher He fluxes as shown in Figure 
6.7. For instance, the He flux at 10% He concentration was also very small as the driving force was 
close to zero kPa. However, the driving force effect on the permeate gas purity is not significant for 
He feed pressures >30%. These results strongly suggest that the molecular sieving structure of the 
cobalt oxide silica membrane is preferentially allowing the diffusion of He whilst hindering the 
passage of CO2. Further, it is interesting to observe that although the single gas permselectivity 
reduced after HT exposure (Figure 6.6), this is not the case for the permeate gas purity for gas 
mixtures in Figure 6.8. In principle, these results clearly indicate that very high permselectivity values 
are not the best engineering parameter for designing unit operations for the separation of industrial 
gas mixtures [45]. In this case, even as the He/CO2 permselectivity reduced from 158 (before HT) to 
78 (after HT) at 200 ºC (Figure 6.6), the He purity remained very high (>90%) for both cases for He 
feed concentrations ≥30% (Figure 6.8). 
The permeance of He was calculated to shed further light on the gas mixture separation performance 
as shown in Figure 6.9.  It is clear that the influence of He feed concentration was marginal when He 
feed concentration ranged from 30% to 90%, and the small variations observed are within 
experimental error. Note that the He permeance at ~10% could not be calculated correctly as the 
driving force was very small and close to zero kPa. Interestingly, the He permeance in the gas mixture 
is slightly lower than that of the single gas results (100% - see Figure 6.5). Concentration polarization 
is generally an issue in gas mixture separation, though the gas to gas diffusion at high temperatures 
is several orders of magnitude higher than gas diffusion through the membrane [46]. Therefore, 
concentration polarization in this case was marginal as determined from a computational fluid 
dynamics simulation [47]. At high temperatures, the sorption is very weak and the mean free path of 
molecules is large, meaning that one gas has only minor influences on the other one. Hence, 
competitive sorption is not a major issue. In addition, the adsorptive CO2 was also considered to be 
negligible as the increase of CO2 feed concentration at high temperatures did not affect He permeance. 
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Last, this slight difference in He permeance from single gas to gas mixture could be attributed to the 
experimental procedure, which was initially carried out for single gas testing for all temperatures. 
Hence, it is possible that the cobalt oxide silica matrix underwent minor structural densification, thus 
resulting in a slight reduction of the He permeance in subsequent gas mixture tests. 
 
Figure 6.9: He permeance (±10%) of the membrane as a function of He feed concentration: (a) 
before and (b) after HT, ΔP=500 kPa.  
 
The apparent activation energies of He permeance at different feed concentrations calculated from 
the permeance data in Figure 6.9 are shown in Figure 6.10.  The Eact values before and after HT 
exposure are calculated to be approximately 6.1 and 7.8 kJ mol– 1, respectively, which are in 
accordance with those of the single gas results (Table 6.1). It is noteworthy that the Eact values were 
constant for different gas feed concentrations, indicating the presence of CO2 had no influence on 
thermodynamic properties of gas diffusion through the membrane. In addition, the Eact values after 
HT were consistently higher than before HT. These results suggest that the energy barrier for the 
transport of He through the porous structure increased after HT. In other words, the average pore 
sizes for the transport of He decreased after HT, thus requiring more energy for the diffusion of He 
molecules.   
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Figure 6.10: Apparent activation energy of He as a function of He feed concentration. 
 
6.7 Conclusions 
Cobalt oxide silica material with improved hydrothermal stability was synthesised using sol–gel 
techniques. Xerogel sample resulted in surface area loss of ~12% after exposure to 25 mol% water 
vapour at 550 °C for 100 h. High quality membranes were prepared delivering a He permeance of 3.3 
×10– 7 mol m– 2 s– 1 Pa– 1 at 500 °C and permselectivity of 479 for He/CO2. The HT exposure had a 
moderate influence on the performance of the membranes as the permeance of He and H2 decreased 
by 28% and 22%, though a large He/CO2 permselectivity reduction (to 190 from 479) occurred at 
500 °C. 
In the case of binary gas mixture, the He fluxes increased from 0.018 to 0.118 mol m– 2 s– 1, as the He 
feed concentration was raised from 30 to 100%. This increase was expected as the He flux increases 
as function of the driving force. However, it was noteworthy that for testing at 200 °C the He purity 
in the permeate stream reached 62% at 10% He feed concentration, and then increased to values >90% 
at 30% He feed concentration. Very high He purity values of 97% to 99% were measured at 500 °C. 
Although the He permeance and fluxes reduced after HT, the separation performance of the 
membrane remained almost the same as before HT. These results suggest HT exposure densified the 
membrane matrix, but has not broadened the overall pore size distribution, thus proving the 
hydrostability of the chosen cobalt oxide silica membranes.  
He permeation followed a temperature activated transport mechanism for single gas and gas mixtures, 
both before and after HT. In the case of gas mixtures, the He permeance was constant at different 
feed concentrations and was not affected by CO2 concentration in the feed side. Likewise, the Eact for 
He permeance as a function of the feed concentration was constant for both single gas and gas mixture 
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permeation. The He Eact for He permeance was higher at after HT exposure, thus suggesting a tighter 
reduction of the overall pore sizes for He permeation.  
Finally, the He/CO2 permselectivity reduced from 158 (before HT) to 78 (after HT) at 200 ºC, though 
the He purity remained very high (>90%) and similar for both cases for He feed concentration ≥30%. 
These results suggest that very high permselectivity values are not the best engineering parameters, 
whereas the separation of gas mixtures provides a more realistic assessment for designing unit 
operations for the separation of industrial gases. 
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7 Interlayer-free microporous cobalt oxide silica membranes via silica seeding 
sol–gel technique 
 
7.1 Introduction 
The quality of the interlayers is critical to final membrane performance. Nevertheless, the preparation 
of interlayers is time-consuming and not cost effective. It is worthwhile to develop interlayer-free 
high performance membranes, which can significantly reduce production time. In this chapter, 
interlayer-free cobalt oxide silica membranes were prepared from a novel silica seeding sol–gel 
technique. The sol solution was comprised of large silica seed synthesised from Stӧber process and 
polymeric cobalt silica sol synthesised from acid-catalysed sol–gel process. The aim of this chapter 
was to assess the validity of this novel concept and the influence of seed concentration on the 
membrane separation performance.  
7.2 Contributions 
Chapter 7 has been published in the Journal of membrane science. This chapter is wholly my own 
work with the exception of the contributions by Prof. João C. Diniz da Costa, Dr Simon Smart, Dr 
David Wang and Dr Dana Lee Martens in the advisory capacity. 
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7.3 Abstract  
This work shows for the first time that interlayer-free cobalt oxide silica membranes can be produced 
via a novel silica sol–gel seeding process. The silica seed, synthesised from Stӧber process, had an 
average particle size of 70 nm, which is incorporated into the polymeric cobalt silica sol with a particle 
size of less than 1 nm. Calcined cobalt oxide silica xerogels were microporous and had similar average 
pore sizes when the seeding ratio is less than 0.4, although the calcined silica seed itself was 
mesoporous. The microporous structure of the seeded cobalt oxide silica matrices was maintained by 
the penetration of the polymeric sol into the silica seeds at low seed ratios and effectively anchored 
the seeds within the polymeric sol–gel network. The best seeded membrane delivered a He permeance 
of 2.6 × 10– 7 mol m– 2 s– 1 Pa– 1 and a He/N2 permselectivity of 97 at 500 °C, whilst the permselectivity 
was only 16 for the non-seeded membrane. It is proposed that the seeding technique gave rise to 
heterogeneous structures which can effectively block and/or repair large pores and defects of the 
interlayerless support compared to membranes prepared using a conventional polymeric cobalt silica 
sol. Ultimately this prevents infiltration of the sol during dip coating and simultaneously assists in the 
formation of a near defect-free membrane selective layer. 
Keywords: sol–gel seeding; interlayer-free membrane; microporous silica membranes; gas 
separation. 
 121 
 
7.4 Introduction 
Thin film microporous silica-based membranes show promising potential for high temperature gas 
separation and purification due to their molecular sieving dimension with average pore sizes of 
around 3 Å [1-4]. In this size regime, they are capable of separating He (2.60 Å) and H2 (2.89 Å) 
from CO2 (3.30 Å), N2 (3.65 Å) and larger gases based on differences in a gas molecule’s kinetic 
diameter. To promote high flux, thin film microporous silica membranes are typically a few hundred 
nm thick, but this also makes them mechanically weak and fragile. To address this problem, thin films 
are generally deposited on interlayered coated macroporous substrates, generating an asymmetric 
membrane configuration [5, 6]. The quality of the substrate and interlayers are critical to the final 
performance of the membrane. The substrates are generally prepared from α–alumina due to its 
relatively low cost, mechanical strength and thermal stability [7-9].  
The primary roles of interlayers are to reduce the surface irregularities and roughness of the substrate 
which may cause stresses leading to film defects, cracks and generally poor membrane performance 
[10]. Furthermore, the interlayers can also prevent the deep penetration of the silica sol into the 
macroporous support, allowing the deposition of silica thin-films which minimize transport resistance. 
This membrane preparation approach has allowed the fabrication of defect free thin films based on 
pure silica [11-14], carbonized template silica [15, 16], and metal oxide silica [17-24]. However, 
adding intermediate layers to the membrane fabrication process, not only increases costs but also the 
processing time and manual handling requirements. Hence, new approaches are required. Recently, 
Elma and co-workers [25] pioneered an interlayer-free approach by depositing carbonized tri-block 
copolymers silica thin films directly onto macroporous α–alumina substrates for desalination 
applications. This approach led to the formation of mesoporous carbonized silica structures, which 
delivered high salt rejection, but could not separate gases.     
In order to promote ultramicroporosity in the silica thin films by the interlayer-free process, we 
propose an alternative strategy which uses a novel seeding concept. By itself, seeding is not new as 
it has been used to precisely control crystalline structures, such as in zeolite membranes [26, 27]. 
However, seeding has not been employed in amorphous silica membranes due to major difficulties in 
controlling microporosity. The key concept behind this novel approach is that the amorphous seeds 
anchor themselves to the polymeric sol creating a network that both resists infiltration into the support 
and is strong enough to avoid thin film cracking during deposition, evaporation and calcination.  
Therefore, this work tests this novel idea of directly coating thin films onto an α–alumina 
macroporous substrate using a seeded sol–gel of metal oxide silica. The pure silica seeds were 
synthesized using a base catalyzed Stӧber method whilst the cobalt silica (CoSi) sols were prepared 
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by an acid catalyzed sol–gel method. Subsequently, the seeds and the CoSi sols were mixed at fixed 
molar ratios. The as-prepared sols were characterized by dynamic light scattering (DLS), along with 
xerogel characterization by transmission electron microscope (TEM) and N2 sorption. The final 
membranes were tested for single gas (He, H2, CO2 and N2) permeation at temperatures ranging from 
100 to 500 °C to systematically investigate the effect of the silica seed concentration on gas 
permeation performance. Finally, the membrane morphology was investigated by scanning electron 
microscope (SEM).  
 
7.5 Experimental  
7.5.1 Material preparation and characterisation 
Silica nanoparticles or seeds were prepared by the Stӧber process [28] with a final molar ratio of 
EtOH : H2O : TEOS : NH3·H2O = 170 : 200 : 8 : 0.5. The seeds were constantly stirred at 0 °C for 3 
hours. The pure silica seeds were incorporated into a new CoSi sol and reacted at 0 °C for 3 hours to 
obtain a final sol, the details of which are shown in Table 7.1. The sols were dried at 60 °C for 96 
hours in an oven and the dried xerogels were calcined at 630 °C with a dwell time of 2.5 hours and 
at a ramp rate of 1 °C min– 1 to obtain the final xerogels. The concentration of seeds were varied in 
the samples with the seed:sol molar ratios ranging from 0 to 0.8. The sample nomenclature is coded 
XSCoSi, where X is the molar ratio of seeds (S) to the CoSi sol gel. 
Table 7.1: Details of sol compositions (in molar ratio). 
Sample 
Codes 
EtOH H2O TEOS Seed* Co(NO3)2 ·6H2O HNO3 
0.0SCoSi 255 40 4 0 1 0.34 
0.2SCoSi 255 40 4 0.8 1 0.34 
0.4SCoSi 
0.6SCoSi 
0.8SCoSi 
255 
255 
255 
40 
40 
40 
4 
4 
4 
1.6 
2.4 
3.2 
1 
1 
1 
0.34 
0.34 
0.34 
* The molar ratio is based on the composition of TEOS in the seed. 
Particle sizes of as-synthesised seeds were analysed by dynamic light scattering (DLS) using a 
Malvern Zetasizer Nano S at 25 °C (software version 6.34). Nitrogen sorption was analysed on a 
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Micromeritics TriStar 3020 apparatus. All samples were degassed under vacuum on a Micromeritics 
VacPrep061 at 200 °C for a minimum of 12 h before measurement. The specific surface areas were 
calculated from the adsorption isotherms via the multi-points BET model. Transmission electron 
microscopy (TEM) images were obtained from a JEOL 1010B electron microscope with an accelerate 
voltage of 100 kV. TEM grids were prepared by drop-casting an aliquot of xerogel suspension onto 
a holey carbon film and air-dried.   
7.5.2 Membrane preparation and testing 
Commercial α-alumina tubes (5 mm i.d., 10 mm o.d., 80 mm length) were used as membrane 
substrates. The substrates were pre-calcined at 1000 °C for 8 hours with a ramp rate of 5 °C min– 1 to 
improve the mechanical strength and to remove any organic impurities. Mercury porosimetry was 
carried out to measure pores of the calcined -alumina substrates using a Micromeritics AutoPore 
IV9520 up to a maximum pressure at 20.5 MPa, resulting in average pore sizes of ~150 nm and a 
porosity of ~30%. The tubular substrates were dip coated with the sols listed on Table 7.1 using a 
controlled immersion time of 1 min and dipping/withdrawing speed of 10 cm min– 1. Each layer was 
calcined in air at 630 °C for 2.5 hours with a ramp rate at 1 °C min– 1. The dip-coating process was 
repeated 6 times to repair possible membrane defects.  
 
Figure 7.1: Customized membrane permeance rig. 
 
Subsequently, single gas permeance was measure in a dead-end set up as shown in Figure 7.1.  Briefly, 
a membrane tube was assembled in a membrane module using graphite seals, where the module was 
housed in a temperature controlled furnace. The whole system was evacuated with a vacuum pump 
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before testing.  The single feed gas was introduced to the membrane module by valves 1-4 and 
maintained at a transmembrane pressure of 200 kPa. The feed and permeate pressures were recorded 
by two MKS pressure transducers. A control volume was evacuated by a vacuum pump to pressures 
below 1 Pa at the beginning of each single permeation test. This test allows for the pressure of the 
control volume to be measured as a function of time. As the pressure in the feed stream is constant, 
the membrane area and control volume are known constants, and the temperature is kept constant for 
each testing point, the membrane permeance (mol m2 s-1 Pa-1) was therefore calculated by the natural 
logarithm function of pressure changes as demonstrated by Ballinger et al. [23]. After testing, the 
membrane morphology was characterized by using a FESEM Jeol-7001 field emission scanning 
electron microscope with an electron gun at an accelerating voltage of 10 kV. 
 
7.6 Results and discussion 
7.6.1 Material characterisation 
 
Figure 7.2: Particle size distribution measured by DLS.  
 
Figure 7.2 shows that all samples, except for 0.8SCoSi, had narrow particle size distributions centered 
around 70nm. The 0.8SCoSi sample however displayed a much broader particle size distribution. The 
Z-average particle size of the silica seeds size was 69.8, 67.1, 76.1, 70.6 and 99.4 nm for the 0.2, 0.4, 
0.6 and 0.8SCoSi, respectively. In comparison, the DLS signal of CoSi hydrated sols (i.e. without 
seeds) was undetectable which indicates that the particle size of the polymeric silica sol species were 
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less than 1 nm. These results suggest that all the seeded sol samples were homogeneously mixed, 
containing the pre-formed colloidal particles (~70 nm) except of the 0.8SCoSi sample where some 
seed particle aggregation may have taken place.  
 
N2 sorption isotherms of the calcined silica seed and cobalt oxide silica xerogels are displayed in 
Figure 7.3a and 3b, respectively. The isotherm of the silica seed was type IV with a H2 hysteresis 
loop, typical of mesoporous silica structures. The H2 hysteresis implies an “ink-bottle” pore type [29] 
where the pore size and pore shape are ill-defined. This mesoporous structure is associated with the 
base catalyzed sol in the Stӧber process using ammonia which often produces mesoporous silica 
structures [30, 31]. There is also a substantial amount of adsorption at low relative pressure range (< 
0.1), thus confirming the presence of micropores. The non-seeded (0.0SCoSi) and seeded xerogels 
(0.2 and 0.4SCoSi) in Figure 7.3b exhibited type I isotherms with no hysteresis loop, characteristic 
of microporous structures. This is consistent with the cobalt oxide silica xerogels prepared via an 
acid-catalysed sol–gel process reported in the literature [32]. Although large silica seeds (~70 nm) 
were introduced into the sols, 0.2SCoSi and 0.4SCoSi still maintained their microporous structure. 
Further addition of seeds to molar ratios of 0.6 and 0.8 led to structural changes, as nitrogen sorption 
saturation was achieved at 0.4 and 0.6 P/Po, respectively. This reflects the onset of the formation of 
mesoporous structures although no significant hysteresis was observed. The BET surface area and 
pore volume of the calcined xerogels are shown in Fig 3c. The silica seed produced a pore volume of 
0.51 cm3 g– 1, which is much larger than the other samples due to its mesoporous structure. When the 
silica seed ratio increased from 0.0 to 0.8, the BET surface area increased from 181.7 to 367.6 m2 g– 
1 along with the total pore volume, which increased from 0.09 to 0.21 cm3 g– 1. 
 
 
 126 
 
   
Figure 7.3: N2 adsorption (solid line) and desorption (open symbols) isotherms of calcined (a) silica 
seed,  (b) cobalt oxide silica xerogels, and (c) surface area and pore volume of silica seed and cobalt 
oxide silica xerogels.  
 
The TEM micrographs of the morphology of the silica seeds (Figure 7.4a) shows a random 
distribution of discrete particles with an average size of ~50 nm, in contrast to the continuous, 
amorphous silica as observed for the 0.0SCoSi sample (Figure 7.4b). The morphology of seeded 
samples of 0.4SCoSi and 0.8SCoSi (Figure 7.4c and 4d) did not show discrete silica particles, thus 
suggesting that the silica sol penetrates into the silica seeds and form crosslinks (condensation 
reaction) at the surface and in the mesoporous structure of the silica seed.  Upon gelling and 
calcination, this process leads to the formation of a three dimensional continuous CoSi amorphous 
network with microprosity (0.2 and 0.4SCoSi) and both micro and mesoporosity (0.6 and 0.8SCoSi) 
structural characteristics as supported by the nitrogen isotherm profiles (Figure 7.3). 
 
 
Figure 7.4: TEM images of (a) calcined silica seed and (b)-(d) calcined 0.0SCoSi, 0.4SCoSi and 
0.8SCoSi respectively, with a scale bar of 100 nm. 
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7.6.2 Membrane performance 
Membranes ranging from 0.0CoSi to 0.8SCoSi were prepared to investigate the structure property 
relationships of the materials, particularly the gas permeation performance as a function of seed 
concentration. The single gas permeance results in Figure 7.5 clearly show temperature dependent 
gas transport for all membranes, demonstrated by the increase of He and H2 permeance and the 
decrease of CO2 and N2 permeance as a function of temperature. These results indicate that the gas 
transport through the membranes is activated diffusion which is consistent with CoSi membranes 
containing interlayers as reported elsewhere [3, 33, 34]. In addition, activated transport is only 
possible in defect free, high quality membranes, strongly suggesting that the novel seeding method 
proposed in this work is sufficiently robust to coat macroporous supports. This approach dispenses 
with the need for interlayers, a central development to reduce costs in ultramicroporous silica 
membrane development. 
Figure 7.5 also shows that the seeds have affected the permeation of membranes in different degrees. 
The increase of seed:sol ratio from 0 to 0.2 resulted in a general reduction of permeance for all gases. 
This supports the view that the silica has incorporated into the seeds, via condensation reaction on 
the surface and in the mesopores of the seed structure. Hence, a tighter packed structure was formed, 
leading to reduced gas fluxes. As the seed:sol ratio increases from 0.2 to 0.4, the fluxes of all gases 
increases thus suggesting that the extra amount of seeds are increasing the pore volume which is 
supported by the nitrogen sorption in Figure 7.3b. Nevertheless, further increase in seed molar ratio 
to 0.6 and 0.8 resulted in an increase in the permeation of the gases with the larger kinetic diameters, 
CO2 (dk = 3.30 Å) and N2 (dk = 3.65 Å). These results clearly indicating an increase in pore sizes in 
line with the slight mesoporosity observed in the nitrogen sorption isotherms in Figure 7.3.  
It is also interesting that the seeds conferred different microporous structural characteristics to the 
thin films. For instance, the permeation of the gases with the smaller kinetic diameters, He (dk = 2.60 
Å) and H2 (dk = 2.89 Å) were distinct for the 0.2 and 0.4SCoSi membranes, but the same for the 0.6 
and 0.8SCoSi membranes. Therefore, for the lower seed molar ratios of 0.2 and 0.4, the seeds formed 
microstructures with different ultramicroporosity. These differences could be associated with both 
the microporosity of the sol, and the microporosity conferred by the condensation reactions on the 
surface and in the mesopores of the seeds. At higher seed molar ratios of 0.6 and 0.8, the excess seeds 
hindered the extra fine pore size control achieved by the lower seed molar ratios. Indeed, the results 
suggest pore sizes have enlarged as the permeation of He and H2 almost become flat as a function of 
the temperature. This indicates that the high molar ratio seeded thin films are transitioning from an 
activated transport regime with a molecular sieving structure towards a Knudsen diffusion regime. 
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Figure 7.5: Single gas permeance (±8%) of (a): 0.0SCoSi; (b) 0.2SCoSi; (c) 0.4SCoSi; (d) 0.6SCoSi 
and (e) 0.8SCoSi membranes. 
 
The separation performance of the membranes is further highlighted by calculating the He/CO2 and 
He/N2 permselectivities as shown in Figure 7.6. There is a clear trend which shows that the 0.2 and 
0.4SCoSi membranes delivered high permselectivities up to one order of magnitude higher than the 
membrane without seeds (0.0SCoSi) and the other membranes with high seed concentration (0.6 and 
0.8SCoSi). For instance, the He/N2 permselectivities varied between 6 to 87 (0.2SCoSi) and 16 to 97 
(0.4SCoSi) as the temperature increased from 100 to 500 °C. The other membranes displayed 
permselectivities below 20 at high temperatures, whilst at low temperature these values reduced to 
close to ideal Knudsen selectivities of 3.31 (He/CO2) and 2.64 (He/N2). The reduction in 
permselectivities for the 0.6 and 0.8SCoSi membranes correlates well with the nitrogen sorption 
isotherms (Figure 7.3), reflecting an increase in mesoporosity. However, it is interesting to observe 
that reasonable quality membranes were achieved for the seedless (0.0SCoSi) thin films, although 
these values are much lower than other studies where interlayers have been employed [34]. It is also 
important to highlight that the lower permeselectivities strongly suggest that the seedless thin films 
did not have the structural stability for the interlayer-free dip coating method. 
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Figure 7.6: (a) He/CO2 and (b) He/N2 permselectivities of 0.0-0.8SCoSi membranes as a function of 
temperature from 100 to 500 °C.  
 
 
Figure 7.7: The permeance of gases at 500 °C for He (2.60 Å), H2 (2.89 Å), CO2 (3.30 Å) and N2 
(3.65 Å) against their molecular kinetic diameters.  
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The performance of the membranes can be further understood by examining the pore size cut-off 
based on the single gas permeation results. Figure 7.7 shows the single gas permeances against the 
kinetic diameter of He (2.60 Å), H2 (2.89 Å), CO2 (3.30 Å) and N2 (3.65 Å) for the 0.0 to 0.8SCoSi 
membranes for the measurements taken at 500 °C. It is observed that all the membranes exhibited 
molecular sieving properties. The 0.0, 0.2 and 0.4SCoSi membranes showed a sharper pore size cut 
off below 3 Å. However, as the seed ratio increases for the 0.6 and 0.8SCoSi membranes, He and H2 
permeances were similar, thus clearly indicating that the pore size cut off has shifted to values above 
3 Å.  
 
The apparent activation energies (Eact) in Table 7.2 shows that the seedless (0.0SCoSi) and low seed 
membranes (0.2 and 0.4SCoSi) comply with activated transport properties associated with positive 
Eact for the smaller gases (He and H2) and negative values for the larger gases (CO2 and N2), which 
agreed very well with previous studies [33, 35]. These results are directly attributed to the molecular 
sieving behaviour of the membranes and further imply that high quality membranes have been 
prepared, especially for the 0.2 and 0.4SCoSi membranes. On the other hand, the calculated Eact 
values for He and H2 gases of 0.6 and 0.8SCoSi membranes were at least about 5 times smaller than 
those of the 0.4SCoSi membrane. This is attributed to the increase of pore sizes for the high seed 
matrices in line with the onset of mesoporosity observed in Figure 7.3. As the membrane pores widen, 
the effect of the activation barrier that the molecules need to overcome through the pore constriction 
is reduced, thus decreasing the Eact values for the permeation of He and H2.   
 
Table 7.2: Apparent activiton energies for each membrane (kJ mol– 1) 
Membranes Eact (He) Eact (H2) Eact (CO2) Eact (N2) 
0.0SCoSi 6.2 1.8 -5.0 -2.3 
0.2SCoSi 13.6 5.8 -1.1 -2.1 
0.4SCoSi 
0.6SCoSi 
0.8SCoSi 
7.7 
1.2 
1.5 
5.7 
1.6 
0.0 
-8.5 
-7.7 
-6.6 
-2.9 
-3.4 
-2.4 
 
 
The SEM images of the cross-section and surface morphology of 0.0SCoSi (seedless) and 0.4SCoSi 
(seeded) membranes are shown in Figure 7.8. The 0.0SCoSi membrane shows deep infiltration of 
 131 
 
cobalt silica material into the -alumina support and a distinct film layer cannot be differentiated 
from the substrate. Further, the membrane surface was very rough consisting of low silica coverage 
and large uncovered pores thus causing infiltration and lack of silica film formation. The infiltration 
of the seedless sol into the pores possibly resulted in the sol gelling in the -alumina support, in view 
of the low He/N2 permselectivities up to 16 at 500 ºC (Figure 7.6b). In contrast the 0.4SCoSi 
membrane shows a clear thin layer formed on the rough -alumina support, evidenced by the high 
low He/N2 permselectivities up to 97 at 500 ºC. Although the silica seeds cannot be clearly seen from 
the inset of the cross-section, which is consistent with TEM images in Figure 7.4, these results 
strongly suggest that the seeded silica sol–gel method minimized the infiltration of silica sols and 
provide extra structural stability otherwise not available in conventional seedless sols. Furthermore, 
the surface of the seeded thin film was smooth with no cracks observed, thus demonstrating that the 
seeded sols conferred a good coverage of rough substrates.  
 
 
Figure 7.8: SEM images of 0.0SCoSi and 0.4SCoSi in cross-sections (top images) and 
corresponding surfaces (bottom images) 
 
This work demonstrates for the first time the preparation of ultramicroporous silica derived thin films 
directly on substrates, as an interlayer free process. The low seed molar ratio 0.2 and 0.4 SCoSi 
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membranes delivered high permselectivies and molecular sieving properties supported by activated 
transport permeation results. To further explain the thin film interlayer free formation by the novel 
seeded sol–gel method, a schematic displayed in Figure 7.9 is proposed. It is widely accepted that the 
interlayer is vital to the final membrane performance, as it can significantly reduce the surface 
roughness, the presence of defects as well as the pore size for the deposition of the selective top layer. 
Without an interlayer, the membrane prepared using the conventional cobalt silica sol (0.0SCoSi; 
Figure 7.9a) infiltrates deep into the macroporous substrate and the possibility of forming defects is 
very high, even after several cycles of dip-coating and calcination processes. This is supported by a 
low He/N2 permselectivity and a reduced slope between the permeances of H2 and CO2 as seen in 
pore size cut-off plot (Figure 7.7). However, this is not the case for the membrane derived from the 
sol–gel seeding technique. As shown in Figure 7.9b, the relatively large silica seed in the colloidal 
solution can act as an anchoring point and effectively stop the sol from infiltrating the large pores of 
the substrate allowing the formation of a thin top layer. In addition, the large silica seed particles in 
the solution provide extra structural integrity during the thin film formation, particularly during the 
dip-coating process. These particles eventually form part of the three dimensional silica network, 
resulting in a high quality membrane as evidenced by their high separation performance. This is 
particularly true for the low seed ratio is (i.e. 0.2 and 0.4SCoSi) as the membrane material can still 
maintain a relatively microporous structure. The modulation of the seed amount is therefore important, 
as excess seed concentration reduces the performance of the membranes due to the introduction of 
mesoporous structures. 
 
 
Figure 7.9: Schematic membrane structure of (a): 0.0SCoSi; and (b) silica seeding membrane. 
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For the seeding process in this work, homogeneous colloidal silica with average diameters ~ 70 nm 
were used as seeds in cobalt silica sols before dip coating. There is strong evidence that the seeds 
used in this study have heterogeneous nucleation sites for the silica source (TEOS) which then create 
structure-directing pathways and anchoring points inside the seeded gelling sol. The combined 
colloidal / polymeric sol can be used to directly dip-coat macroporous alumina substrates without 
further priming with intermediate layers.  The resulting calcined thin film network was stabilized by 
the interconnected continuous domains of pre-formed colloidal seeds with the microporous silica 
network and cobalt species. This strategy was not only advantageous for repairing surface defects on 
the alumina substrates, but also prevented significant sol infiltration, which led to the formation of 
high-quality interlayer-free membranes (Figure 7.8) with good separation performance (Figure 7.6 
and 7). Therefore, structural stability of the thin film membranes prepared using this seeding concept 
shows that the conventional intermediate layers are no longer necessary. 
 
7.7 Conclusions 
This work demonstrates for the first time that interlayer-free microporous cobalt oxide silica 
membranes can be synthesized by a novel two-step sol–gel seeding technique. The sol solution 
prepared from this technique can achieve heterogeneous particle sizes; including silica seed particles 
of ~70 nm produced from the base catalysed sol–gel process, and fine particles of less than 1 nm from 
the polymeric cobalt silica sol. This heterogeneous structure can effectively block and/or repair large 
pores and defects of the interlayerless support compared to membranes prepared using a conventional 
polymeric cobalt silica sol. Calcined cobalt oxide silica xerogels were microporous and had similar 
average pore sizes when the seeding ratio is less than 0.4, although the calcined silica seed itself was 
mesoporous. The best seeding membrane (0.4SCoSi) delivered a He permeance of 2.6 × 10– 7 mol m– 
2 s– 1 Pa– 1 and a He/N2 selectivity of 97 at 500 °C. On the other hand, the non-seeded membrane 
(0.0SCoSi) showed a He/N2 selectivity of only 16 at 500 °C. High silica seed ratio resulted in 
mesoporous structures and a significant decline in membrane performance. The concept of the 
seeding demonstrated in this study is unprecedented for sol–gel derived silica membranes and should 
allow researchers to significantly improve on the membrane processing time and reduce the barriers 
for industrial deployment of inorganic membranes for gas separation. 
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8 Conclusions and Recommendations 
 
8.1 Conclusions  
This thesis focused on the development of ultra-microporous cobalt oxide silica membranes.  The key 
aim of this thesis was to fabricate hydrothermally stable membranes for high temperature H2/CO2 
separation. Initially, the membrane materials were synthesised from sol–gel methods and their 
physicochemical properties were investigated to provide fundamental understanding of their 
hydrothermal stability. Subsequently, membranes were prepared from the most promising materials 
and their separation performance and hydrothermal stability was studied by gas permeation. Finally, 
an interlayer-free membrane structure was developed by employing a silica seeding sol–gel technique, 
which has the potential to reduce membrane production costs.  
The first contribution of this thesis is related to the identification of the critical role played by the 
cobalt phase in improving the hydrothermal stability of cobalt doped silica materials. The Co3+ phase 
of cobalt was found to confer improved hydrothermal stability, contrary to the unstable Co2+ phase. 
The Co3+ phase in the form of cobalt tetroxide (Co3O4) physically inhibited the hydrolysis and 
condensation of the silica in the pores walls, conferring improved hydrothermal stability. This thesis 
further showed that the Co3O4 phase can be attained with Co/Si molar ratios ≥ 0.25 using a standard 
sol–gel recipe, maintaining microporous structure which is suitable for membrane preparation. The 
samples containing the high concentration of Co3O4 phase maintained structural integrity under a full 
range of hydrothermal treatment conditions, with minimal performance loss of less than 25%.   
The second contribution of this thesis was the finding that the conditions under which Co3O4 forms 
can also be tailored by sol–gel conditioning.  The results showed that Co3O4 can be formed at a much 
lower loading (Co/Si=0.1) by varying the ethanol and water ratios. Synchrotron XAS (X-ray 
absorption spectroscopy) results showed that there is no chemical interaction between silica and 
cobalt oxide, suggesting that the hydrothermal stability of the silica matrix was attributed to the 
physical barrier of cobalt oxide in opposing densification and silica mobility under harsh 
hydrothermal conditions.  The material containing a Co3+ phase (Co3O4) was much more stable than 
materials where cobalt is tetrahedrally coordinated as a Co2+ phase within the silica network, even 
though both materials were prepared with the same Co/Si molar ratio (Co/Si=0.1). Membranes 
prepared from materials with Co3+Si (Co3O4) and Co2+Si (Co2+ tetrahedral coordination only) 
delivered similar He permeance (2.48 × 10–7 and 2.85 × 10–7 mol m–2 s–1 Pa–1) with a He/N2 
permselectivities of 50 and 41 at 500 °C, respectively. However, after exposure to 75 mol% H2O (v) 
for 40 h at 550 °C, the He/N2 permselectivity of the Co3+Si membrane slightly decreased to 39 at 
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500 °C, maintaining its molecular sieving properties, while the Co2+Si membrane permselectivity 
significantly decreased to 11 at 500 °C.   
The third contribution of this thesis is the proof that interlayer-free silica derived membranes can be 
developed by novel silica seeding sol–gel technique. The sol for membrane preparation had a 
heterogeneous particle size, comprised of large silica seed particles synthesised from a base-catalysed 
sol–gel method, in addition to a much smaller polymeric cobalt silica sol synthesised from an acid-
catalysed sol–gel method. This heterogeneous structure lodged into the large pores of the support, 
however further penetration of silica sol was prevented due to the larger silica seeds. This allowed an 
ideal surface silica thin film coating to form and the molecular sieving properties of the synthesised 
membranes were therefore maintained.  
Besides the above mentioned major contributions, there were further important findings in this thesis. 
Single gas permeation and binary mixture separation performance for cobalt oxide silica membranes 
before and after hydrothermal exposure (25 mol% H2O (v), 100 h at 550 °C) was investigated to 
provide further information about the separation performance of the membrane. He permeation 
followed a temperature activated transport mechanism for single gas and gas mixtures, both before 
and after hydrothermal exposure. In the case of gas mixtures, the He permeance was constant at 
different feed concentrations and was not affected by CO2 concentration in the feed side. Likewise, 
the Eact for He permeance as a function of the feed concentration was constant for both single gas and 
gas mixture permeation. The He/CO2 permselectivity reduced from 158 to 78 at 200 ºC after 
hydrothermal exposure, though the He purity remained very high (>97%) for He feed concentration 
≥50%. This suggests a reduction of the total pore volume of the cobalt oxide silica membrane, 
although the pore size distribution remained very similar otherwise gas purity would decline. 
8.2 Recommendations 
Although this thesis provides further insights into the knowledge of hydrothermal stability of cobalt 
doped silica membranes, the following recommendations are made for future work: 
1. Further investigation should be made into the development of silica seeding sol–gel technique. 
This is a novel area indeed, which warrants further research. It could include the optimization 
of the silica seed particle size, which can be easily controlled according to Stӧber process, and 
physicochemical properties of the resultant materials. 
2. The production of seeds should be investigated by different compositions such as those 
containing templates (i.e. surfactants). The role of the surfactant(s) in tailoring porosity and 
particle size would provide further insights. 
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3. The hydrothermal stability of seeded cobalt silica materials and membranes should also been 
investigated. 
4. The long term hydrothermal stability test of cobalt oxide silica membranes should also be 
investigated, particularly under for wet gas mixtures.  
5. It is also worthwhile to test other metal oxides with different oxide phases and valence states 
to confirm whether they play a similar role as cobalt tetroxide or Co2+.  This could include 
single metal oxide, or multi metal oxide silica membranes. 
 
 
